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(U)  ABSTRACT 


(U)  The  aerodynamic  wind  tunnel  test  program  for  the  FDL-5  conf iguration 
is  described  in  this  Part  III.  The  description  includes  the  models,  test 
facilities,  data  reduction  and  presentation,  and  the  test  schedules.  A 
complete  presentation  of  the  aerodynamic  test  data  are  provided.  The  data 
include  six  component  force  and  moment  data,  pressure  data,  and  photographic- 
data  for  the  Mach  number  range  between  1.5  to  20.  Correlations  between  the 
data  and  appropriate  theories  are  presented.  The  overall  aerodynamic 
characteristics  of  the  FDL-5  configuration  are  defined. 

This  report  is  subject  to  special  export  controls  and  each  transmittal  to 
foreign  governments  or  foreign  nationals  may  be  made  only  with  prior  approval 
of  the  Air  Force  Flight  Dynamics  Laboratory  (FDMS),  Wright -Patters on  Air 
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SECTION  1 

(U)  INTRODUCTION  AND  SUMMARY 


(u)  The  purpose  of  the  aerodynamic  analyses  in  this  study  was  to  configure  a 
research  vehicle  which  has  high  internal  volume,  has  high  lift-to-drag  ratio 
at  hypersonic  speeds,  can  land  horizontally,  and  is  suitably  s cable  and  con¬ 
trollable  over  the  entire  reentry  velocity  spectrum.  Interdisciplinary 
influences  on  the  aerodynamic  configuration  were  integrated  and  accounted  for 
in  the  design. 

(u)  The  aerodynamic  study  program  consisted  of  two  phases.  The  first  phase 
was  devoted  to  analytical  and  parametric  tradeoff  studies  leading  to  the 
development  of  the  wind  tunnel  test  configuration  and  incorporating  the  inter¬ 
related  influences  of  the  various  technical  disciplines.  The  second  phase  was 
devoted  to  the  preliminary  design  and  experimental  study  of  that  configura¬ 
tion.  The  activities  of  the  first  phase,  including  the  parametric  analyses 
and  basic  configuration  development  of  the  FDL-5  configuration,  are  presented 
in  Part  II  of  this  report.  The  aerodynamic  studies,  analytical  and  experi¬ 
mental,  are  reported  in  Parts  III,  IV  and  V. 

(u)  This  volume  describes  the  aerodynamic  experimental  program,  and  the 
results  obtained  for  the  FDL-5  test  configuration,  Figure  1.  Three  models 
were  fabricated  for  the  aerodynamic  test  series:  20-inch  steel  force  and 
pressure  models,  and  a  lU. 6-inch  lightweight  fiber  glass  model.  The  steel 
models  were  tested  in  the  Arnold  Engineering  Development  Center  (AEDC),  von 
Karman  Facility  (VKF)  wind  tunnels  A,  B,  and  C  at  M  =  1.5  to  10.0;  while  the 
fiber  glass  model  was  tested  in  the  AEDC  VKF  Tunnel  F  at  M  =  19. 

(u)  The  test  data  were  obtained  at  conditions  approximating  full  scale 
Reynolds  numbers.  This  duplication  was  achieved  for  Mach  numbers  above  5 5  at 
M  =  5  and  below,  transition  was  induced  to  ensure  turbulent  flow  over  the 
models.  The  variation  of  Reynolds  number  with  Mach  number  is  presented  in 
Figure  2  for  the  two  reference  trajectories  selected  for  the  study.  The  con¬ 
ditions  at  which  the  tests  were  performed  are  superimposed  on  Figure  2. 

(u)  The  nominal  pitch  and  yaw  ranges  were  0-25  and  0-10  degrees,  respec¬ 
tively.  At  M  =  10,  the  angle  of  attack  range  was  extended  to  1+5  degrees  for 
the  force  model  by  use  of  an  offset  sting.  Six-component  force  data  were 
recorded  to  define  aerodynamic  effects  of  configuration  build-up;  elevon, 
flap,  and  aileron  deflection;  and  Reynolds  number  variation. 
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(u)  Pressure  distribution  data  were  obtained  at  M  =  1.5  to  define  the  local 
load  distribution  during  maximum  load  conditions  which  occur  during  boost. 
Additional  pressure  data  were  recorded  at  M  =  2.0  to  19;  the  M  =  10  and  19 
data  are  presented  and  discussed  in  Part  IV  of  this  report. 

(u)  Flow  visualization  photographs  (vapor  screen,  oil  flow,  and  schlieren) 
were  also  obtained;  representative  photographs  are  presented  in  this  volume. 

(C)  The  data  indicate  that  the  FDL-5  configuration  is  stable  and  controllable 
at  all  normal  flight  attitudes  over  the  test  Mach  range  (M  =  1.5  to  19). 
hypersonic  L/D l1iax  (trimmed),  extrapolated  to  the  full-scale  nominal  design 
conditions  (h  -  200,000  ft;  =  20,000  fps),  is  2.84  at  a  =  11  degrees. 

Elevon  control  is  sufficient  to  achieve  stable  trim  at  L/Dmax  down  to  about 
M  =  10  for  a  reference  CG  at  62$  to  65%  of  the  vehicle  length.  At  lower 
speeds,  stable  trim  requires  the  use  of  an  upper  body  flap  to  augment  the 
elevon  controls.  The  configuration  is  laterally  and  directionally  stable  at 
all  flight  attitudes  over  the  Mach  range  tested. 

(U)  The  test  data  correlate  well  with  analytical  predictions  in  most  cases. 

In  general,  the  best  correlation  was  achieved  using  tangent-cone  theory  on 
compression  surfaces  and  Prandtl-Meyer  theory  on  expansion  surfaces  to  deter¬ 
mine  local  pressure  coefficients;  these  pressures  were  integrated  to  obtain 
forces  and  moments  for  the  body  alone.  These  calculations  were  performed  with 
an  IBM  360  Arbitrary  Body  Computer  Program.  To  these  body  loads,  centerline 
fin  loads  and  axial  force  skin  friction  (laminar  and/or  turbulent)  were  added. 

(u)  The  test  data,  estimated  elevon  effectiveness  and  hinge  moments,  and  pre¬ 
dicted  dynamic  stability  characteristics  are  crossplotted  with  Mach  number 
and  angle  of  attack.  Skin  friction  forces  have  beer,  included  to  provide  full- 
scale  axial  force  and  L/D  values;  they  include  allowance  for  boundary  layer 
transition  according  to  established  criteria.  These  data  may  be  used  for 
machine  simulation  of  flight  at  speeds  from  M  =  1.5  to  20  along  an  entry 
trajectory. 

(u)  The  following  sections  in  this  volume  present  the  details  of  the  test 
program,  results  achieved,  and  data/theory  correlations  made.  The  discussions 
are  supported  by  extensive  test  data  plots. 
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SECTION  2 
(U)  TEST  PROGRAM 


2.1  (U)  DESCRIPTION  OF  MODELS 

(U)  The  models  used  in  the  aerodynamic  test  program  are  described  in  the 
following  paragraphs.  Models  used  to  obtain  Aerothermodynamic.  data  are 
described  in  Part  IV.  The  configuration  notation  is  defined  in  Table  1. 

2.1.1  (u)  Force  Model  -  Tunnels  A,  B,  C 

(U)  The  force  model  which  was  tested  in  Tunnels  A,  B,  and  C  is  made  of  ARMCO 
17-4PH  stainless  steel,  heat  treated  to  1200°F.  It  is  a  0.05051  scale  model 
of  the  FDL-5  configuration,  (Figure  3)*  The  model  has  a  removable  vertical 
fin  on  the  body  centerline  and  removable  trailing  edge  elevons  which  were 
capable  of  deflection  range  of  ±10,  0,  -20  and  -30  degrees.  Off  blocks  were 
fabricated  for  testing  the  model  with  the  fin  and  elevons  removed.  The  over¬ 
all  model  length,  excluding  the  elevons,  is  20.551  inches.  The  model  weight 
for  the  basic  configuration  with  fin  and  elevons  installed  is  about  25  pounds. 

A  steel  pin  locked  the  model  to  an  adapter  which  was  bolted  to  the  AEDC  -17 
six-component  balance-water  jacket  unit.  The  model  was  designed  by  the 
Lockheed  Fluid  Dynamics  Laboratory  and  was  fabricated  by  H  &  N  Minicraft, 
Covina,  California . 

2.1.2  (u)  Force  Model  -  Tunnel  F 

(U)  The  Tunnel  F  force  model  is  a  0.03687  scale  model  of  the  FDL-5  configura¬ 
tion  (Figure  4),  with  an  integral  vertical  fin  on  the  body  centerline  and 
removable  trailing  edge  elevons.  Three  copies  of  the  model  were  fabricated  to 
permit  a  dual  model  installation  for  testing,  and  to  provide  a  spare  model  in 
case  of  model  damage.  The  models  are  made  of  fiber  glass;  they  were  formed  by 
making  a  female  mold  from  a  male  master  and  building  up  layers  of  resin- 
impregnated  fiber  glass  in  the  two-piece  mold.  The  model  shell  consists  of 
three  layers  of  0.007-inch  fiber  glass  cloth  bonded  with  RP  1710A  laminating 
resin  and  finished  on  the  outer  surface  with  RP  1721A  surface  coat.  The 
internal  structure  of  the  models  consists  of  0.125-inch  thick  balsa  stringers 
or  longerons  and  cross  braces,  two  magnesium  bulkheads,  and  a  magnesium  balance 
sleeve  for  the  AEDC  1.00-inch  diameter  balance.  The  elevons  are  made  of  mag¬ 
nesium  and  are  attached  to  recessed  magnesium  pads  bonded  to  the  model  with 
epoxy  cement.  Magnesium  elevon  brackets  were  made  to  provide  elevon  settings 
and  deflection  angles  of  0,  ±10,  -20  and  -30  degrees.  The  overall  model 
length,  excluding  elevons,  is  15.002  inches.  The  model  weight  is  approximately 
160  grams  for  two  of  the  models  and  130  grams  for  the  third  model.  The  models 
were  designed  and  fabricated  by  Micro  Craft,  Inc.,  Tullahoma,  Tennessee. 
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2.1.3  (u)  Pressure  Model-Tunnels  A,  C 

(U)  The  pressure  model  is  a  0.0501  scale  model  of  the  FDL-5  configuration  with 
an  integral  vertical  fin  on  the  body  centerline  and  removable  trailing  edge 
elevons,  Figure  5-  The  elevon  mounts  are  designed  to  take  the  elevons  from 
the  0.0501  scale  steel  force  model.  The  pressure  model  was  tesced  with  the 
elevons  in  the  undeflected  position  only.  The  model  is  made  of  ARMCO  17-4PH 
stainless  steel,  heat  treated  to  1200°F  and  is  hollow.  It  is  made  in  two 
pieces  with  a  left  and  right  half  which  are  bolted  together.  The  split  line  is 
offset  slightly  to  the  left  of  the  model  centerline  to  permit  the  installation 
of  pressure  orifices  directly  along  the  centerline.  Only  the  right  side  of 
the  model  is  instrumented.  The  vertical  fin  is  solid  steel  but  provisions  are 
made  for  the  installation  of  seven  pressure  taps.  The  model  contains  a  total 
of  99  pressure  orifices.  The  quarter-hard,  seamless,  stainless  steel  tubing 
has  an  outside  diameter  of  0.093  in.  and  a  wall  thickness  of  0.014  in.  The 
internal  tubes  are  sealed  into  the  model  orifices  with  1700°F  silver  solder. 

A  1.51-inch  diameter  sting  of  ARMCO  17-4  PH  stainless  steel  is  provided  to  mount 
the  model  in  the  tunnel.  The  model  was  designed  by  the  Lockheed  Fluid 
Dynamics  Laboratory  and  was  fabricated  by  H  &  N  Minicraft,  Covina,  California. 


2.2  (U)  TEST  FACILITIES 

(U)  The  Test  Facilities  used  in  the  aerodynamic  best  program  are  described  in 
the  following  paragraphs. 

2.2.1  (U)  Tunnel  A 

(U)  The  VKF  tunnel  A,  Figure  6,  is  a  40-inch  x  40-inch,  continuous  closed- 
circuit,  variable  density  supersonic  wind  tunnel  with  a  Mach  number  capability 
of  1.5  to  6.0.  Five  stages  of  compression  are  available  in  the  main  compres¬ 
sor  system  and  can  provide  a  wide  range  of  stagnation  pressures  from  1.5  psia 
to  200  psia.  Stagnation  temperatures  vary  from  a  minimum  of  70°F  at  M  =  1.5 
to  a  maximum  of  310°F  at  M  =  6.0.  Continuous-curvature  nozzle  contours  are 
obtained  by  means  of  flexible  top  and  bottom  walls  mounted  on  automatic 
electrically-driven  screw  jacks.  The  side  walls  of  the  nozzle  are  plane  and 
parallel.  The  Reynolds  number  capability  of  the  tunnel  varies  from  a  range  of 
0.4l  x  1  (P/ft  to  9.0  x  106/ft  at  M  =  1.5  to  a  range  of  O.69  x  10°/ft  to 

4.3  x  106/ft  at  M  =  6.0.  The  model  support  system  permits  an  angle -of -at tack 
range  of  -5  to  +15  degrees  in  the  horizontal  plane  with  a  straight  sting 
installation.  The  angle-of-attack  range  was  increased  by  the^use  of  a  bent 
sting  adapter.  Remotely  controlled  roll  actuators  were  used  to  obtain  com¬ 
bined  angles  of  attack  and  sideslip  for  yaw  data.  The  steel  force  model 
installed  in  the  tunnel  as  shown  in  Figure  J. 

(U)  On-line  data  reduction  and  test  monitoring  information  is  provided  by  a 
Control  Data  l6o4-B  computer.  A  double-pass  schlieren  system  with  a  35-inch 
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diameter  optical  path  is  available  for  observation  of  flow  fields  through  anv 
of  three  test  section  windows.  Vapor  screen  photographs  can  be  obtained  by 
injecting  steam  into  the  tunnel  circuit  and  photographing  the  model  in  con¬ 
junction  with  a  laser  beam. 

2.2.2  (U)  Tunnel  B 

(U)  The  AELC  VKF  Tunnel  B  (  Figure  8  )  is  a  50-inch  diameter,  continuous, 
closed-circuit,  variable  density  wind  tunnel  capable  of  operating  at  Mach 
numbers  6.0  and  8.0  The  Reynolds  number  capability  for  the  tunnel  permits 
testing  at  Mach  6.0  at  Reynolds  numbers  up  to  about  5*3  x  lO^/ft  and  at  Mach 
number  8.0  at  Reynolds  numbers  up  to  3*8  x  lO^/ft.  The  test  section  is 
equipped  with  six  fused  quartz  windows  of  optical  quality  with  a  viewing  area 
about  17.25  inches  in  diameter  for  each  window.  The  models  are  supported  from 
the  rear  by  a  sting  which  is  fitted  to  a  hydraulically  actuated  vertical 
sector.  The  center  of  model  rotation  can  be  shifted  so  that  the  region  of 
interest  on  the  model  remains  within  the  viewing  area  of  the  windows.  The 
model  support  sector  is  equipped  with  a  remotely  controlled,  water-cooled  roll 
sting  with  ±180  degrees  of  rotation.  The  model  support  is  retracted  into  a 
tank  below  the  test  section  for  model  installation  and  configuration  changes. 
Model  injection  is  accomplished  in  a  minimum  time  of  about  two  seconds  with  a 
maximum  acceleration  or  deceleration  of  one  g.  Straight  and  bent  water-cooled 
stings  are  available  in  Tunnel  B,  including  a  series  of  split  bent  stings  with 
prebends  ranging  from  3  degrees  to  48  degrees.  The  split  stings  can  be  inter¬ 
changed  without  disconnecting  the  model  instrumentation  and  permit  the  model 
to  be  pitched  to  a  maximum  angle  of  attack  of  about  60  degrees.  Tunnel  B 
shares  the  control  data  l6o4-B  computer  with  Tunnel  A. 

(u)  Tunnel  B  utilizes  a  propane-fired  heater  to  provide  the  900°F  stagnation 
temperature  required  to  prevent  liquefaction  in  the  main  airstream.  The 
entire  tunnel  throat,  nozzle,  test  section,  model  support  section,  and  dif¬ 
fuser  are  cooled  by  integral,  external  water  jackets. 

2.2.3  (U)  Tunnel  C 

(U)  The  VKF  Tunnel  C  (  Figure  9 )  is  a  continuous,  closed-circuit  tunnel  with 
a  50-inch  diameter  axisymmetric  nozzle.  It  can  operate  at  either  Mach  10  or 
Mach  12.  The  operating  capability  of  the  tunnel  covers  a  stagnation  pressure 
range  of  200  to  2400  psia  with  stagnation  temperatures  up  to  194o°F  to  pre¬ 
vent  liquefaction.  The  Reynolds  number  capability  at  Mach  10  extends  from 
0.3  x  108/ft  to  2.4  x  lO^/ft.  The  model  support  system  permits  an  angle-of- 
attack  range  of  ±15  degrees  with  a  straight  sting  installation  (see  Figure  10) . 
The  angle-of -attack  range  was  increased  by  the  use  of  bent  sting  installations. 
A  remote  control  roll  pod  permits  the  model  to  be  rolled  ±180  degrees  during  a 
run.  Yaw  runs  with  the  model  at  some  fixed  angle  of  attack  may  be  made  with  a 
combination  pitch-roll  variation  of  model  attitude.  The  model  support  is 
retracted  into  the  test  section  tank  for  model  installation  or  modification. 

The  models  are  cooled  by  a  jet  of  cold  air  after  retraction  from  the  test 
section.  Model  injection  time  is  about  2  seconds.  A  maximum  of  99  pressures 
can  be  measured  on  a  model  using  the  Wiancko  FM-type  pressure  transducers  and 
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associated  oscillators.  The  Wiancko  FM  pressure  system  uses  temperature- 
controlled  transducers  which  have  an  accuracy  of  ±0.07  percent  of  range  and  a 
required  readout  time  of  one  second. 

2.2.4  (U)  Tunnel  F 

(U)  The  VKF  tunnel  F  (Figure  11)  is  a  100-inch-diameter,  arc-driven  hyper¬ 
velocity  tunnel.  The  useful  run  time  with  the  recently  enlarged  dump  tank  is 
about  100  milliseconds.  The  nominal  test  core  diameter  is  40  inches  with  time 
and  space  variations  of  pitot  pressures  of  about  ±10$.  The  standard  shot  con¬ 
ditions  for  the  normal  test  section  installation  in  Tunnel  F  provide  Mach 
numbers  of  19  and  20  with  a  Reynolds  number  range  of  0.04  x  10°/ ft  to  0,80  x 
10b/ft.  Stagnation  pressures  range  from  4000  psia  to  28,000  psia.  A  special 
upstream  installation  of  the  model  permits  testing  at  Mach  numbers  of  14  and 
15  with  a  Reynolds  number  range  of  0.80  x  10°/ft  to  1.70  x  lO^/ft.  A  dual 
sting  arrangement  was  used  for  these  tests  so  that  two  models  could  be 
installed  simultaneously  to  provide  data  for  two  different  model  attitudes 
during  each  run  as  seen  in  Figure  12.  Tunnel  F  data  are  recorded  on  multi¬ 
channel  oscillographs-  for  monitoring  test  runs  and  are  also  digitized  for  final 
computing  and  data  reduction  using  the  CDC1604-B  computer. 

2.3  (U)  DATA  REDUCTION 

(U)  The  procedures  followed  in  reducing  the  test  data  from  the  aerodynamic 
tests  are  described  in  the  following  paragraphs. 

2.3.1  (U)  Force  Data 

(U)  All  data  from  the  force  tests  in  Tunnels  A,  B,  C,  and  F  are  referenced  to 
body  axes.  The  coefficients  of  lift  and  drag  were  also  computed.  The  moment 
coefficients  are  referenced  to  a  moment  reference  point  located  longitudinally 
at  62  percent  of  the  model  reference  chord,  and  vertically  .0567  percent  above 
the  horizontal  reference  line.  The  force  and  moment  data  are  presented  in 
terms  of  the  following  dimensionless  coefficients  (sign  conventions  are  defined 
in  Figure  13)  • 


NORMAL  FORCE  COEFFICIENT 
AXIAL  FORCE  COEFFICIENT  (TOTAL) 
BASE  AXIAL  FORCE  COEFFICIENT 


°N  '  W 

CA  *  W 

\ m  Vpb  -  VKB 


PITCHING  MOMENT  COEFFICIENT 
LIFT  COEFFICIENT 


C  =  M  /q  Sc 

m  m'  co 

CT  =  Cwcos  a  -  C.sin  a 

.u  IY  A 
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DRAG  COEFFICIENT 
SIDE  FORCE  COEFFICIENT 
YAWING  MOMENT  COEFFICIENT 
ROLLING  MOMENT  COEFFICIENT 
where : 

"  =  Normal  Force,  lb 

"  n 

w  =  Axial  Force,  lb 

'A 

M  =  Pitching  Moment,  in. -lb 

m 

p  =  Lift  Force,  lb 

L 


C  =  C,  Cos  a  +  C  Sin  a 
D  A  N 

C  =  F/qS 
Y  Y  * 

C  =  M  /q  Sb 
n  n'  co 

C  =  M/q  Sb 

l  “ 

F^  =  Drag  Force,  lb 

Fy  =  Side  Force,  lb 

Mn  =  Yawing  Moment,  in. -lb 
=  Rolling  Moment,  in. -lb 


and: 

.  2 

A  =  Model  Base  Area,  m. 

B 

b  =  Model  Reference  Span,  in. 

c  =  Model  Reference  Chord,  in. 

P  =  Free-Stream  Static  Pressure 

q  =  Free-Stream  Dynamic  Pressure 

CO 

o 

S  =  Model  Reference  Area  (Planform  Area) ,  in. 

2.3.2  (U)  Model  Attitude 

(U)  a  =  Angle  of  attack  of  model  horizontal  reference  line  (body  centerline 
along  flat  lower  surface  of  aft  body),  degrees. 


P  =  Angle  of  sideslip  of  model  horizontal  reference  line. 

The  following  reference  dimensions  are  used  for  the  data  reduction: 


Reference  Dimension 

0.05051  Scale 

0.03687  Scale 

b  =  Span,  Lower  Surface  at  Model  Base 

c  =  Chord,  Reference  Body  Length 

S  =  Body  Planform  Area 

Ag  =  Base  Area,  including  Balance  Bore 

5.788  in. 

20.00  in. 
66.4945  in. 2 
10.2  86  in.2 

4.225  in. 

14.60  in. 
35.4283  in.2 
5.4807  in.2 
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Model  base  pressures  were  measured  and  the  base  drag  was  calculated  and 
tabulated  but  not  applied;  therefore  the  L/D  ratios  presented  in  this  report 
are  based  upon  total  measured  drag  values. 

2.3*3  (U)  Pressure  Data 

(U)  The  pressure  data  from  Tunnels  A,  C,  and  F  were  reduced  to  pressure  ratios 
and  coefficients  using  the  following  relationships: 

Pressure  Ratio  P/P 

'  CO 

Pressure  Coefficient  =  (P-P)/ci 

p  '  oo  7  CO 

Where : 

P  =  Local  pressure  on  model,  psia 
P^  =  Free-stream  Static  Pressure,  psia 
q.  =  Free-stream  dynamic  pressure,  psia 
2.4  (U)  DATA  PRECISION 

(U)  Data  precision  for  the  force  and  pressure  data  is  discussed  in  the  following 
paragraphs . 

2.4,1  (u)  Force  Data  -  (Tunnels  A,  B,  and  C) 

(U)  The  possible  uncertainties  in  the  force  data  were  determined  by  ARO  person¬ 
nel  on  the  basis  of  combined  static  loadings  of  the  VKF  strain-gage  balance. 
Combined  balance  static  loadings  were  applied  to  simulate  the  model  loading 
range  anticipated  during  the  test.  The  uncertainties  listed  below  correspond 
to  the  differences  between  the  applied  loads  and  the  values  calculated  by  the 
final  data  reduction  equations  and  apply  to  the  data  from  tunnels  A,  B,  and  C. 


Balance 

Component 

Design 

Load 

Max imum 

Static  Loads 

Uncertainties 

Normal  force,  lb 

200 

200 

±0.9 

Axial  force,  lb 

50 

10 

±0.05  to  ±0.2* 

Pitching  moment,  in. -lb 

680 

300 

±0.8 

Yawing  moment,  in. -lb 

680 

60 

±0.7  _ _ _ 

Rolling  moment,  in. -lb 

100 

6o 

±0.2 

Side  force,  lb 

200 

4o 

±0.4 

*The  axial  force  undertainty  range  corresponds  to  a  range  of  combined  normal 
force  from  0  to  200  lb 
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2.4.2  (U)  Force  Data  -  (Tunnel  F) 

(u)  The  accuracy  of  the  results  obtained  from  Tunnel  F  is,  primarily,  a 
function  of  the  uncertainty  of  the  direct  measurements  and  the  test  section 
flow  properties.  The  average  magnitudes  of  these  uncertainties  are  as  follows: 


Normal  force  coefficient  (C  ) 

Axial  force  coefficient  (C^J 

Center  of  pressure  (CP) 

Free  stream  Mach  number  (M  ) 

00 

Free  strea  '  L cynolds  number  (R  ) 


±7  percent 
±7  percent 
±1.5  percent 
±2  percent 
±15  percent 


The  uncertainties  indicated  for  free  stream  Mach  number  and  Reynolds  number 
are  based  on  specific  values  obtained  for  a  particular  data  point  and  do  not, 
therefore,  indicate  departures  from  quoted  nominal  values. 

2.4.3  (U)  Pressure  Data  -  (Tunnels  A  and  C) 

(U)  Model  pressures  were  measured  with  the  pressure  systems  provided  in  tunnels 
A  and  C.  The  Tunnel  A  system  used  ?5-psid  transducers,  referenced  to  a  near 
vacuum,  calibrated  for  ranges  of  1,  5,  and  15  psia.  From  repeat  calibrations, 
measurement  of  a  given  pressure  is  estimated  to  be  precise  within  ±0  25  percent 
of  full  scale  of  the  range  being  used.  Tunnel  C  model  pressures  were  measured 
with  1-  and  15-psid  transducers,  referenced  to  a  near  vacuum.  These  tranducers 
were  switched  in  and  out  of  the  system  automatically  to  allow  measuring  to  the 
best  precision.  From  repeat  calibrations,  the  estimated  measurement  precision 
was  ±0.001  psia  or  ±0.5  percent,  whichever  was  greater. 

2.5  (U)  DATA  PRESENTATION 

(u)  CALCOMP  Plotting  Method.  The  final  force  and  pressure  data  were  obtained 
from  ARO,  Inc.  in  tabulated  form  and  on  magnetic  tape  in  binary  code  decimal 
form.  The  data  were  plotted  semi -automatically  on  a  CALCOMP  plotter  for 
inclusion  in  this  report.  The  CALCOMP  plotter  is  a  digital  incremental  plotter 
Model  5&5j  manufactured  by  California  Computer  Products,  Inc.,  Anaheim, 
California.  It  is  a  high  speed,  two-axis  plotter  designed  for  plotting  cne 
variable  as  a  function  of  another.  The  instrument  responds  to  digital  incre¬ 
mental  signals  from  any  suitable  source.  The  plot  is  produced  by  the  move¬ 
ment  of  a  pen  over  the  surface  of  the  chart  paper.  The  Y  axis  plot  is  produced 
by  lateral  movement  of  the  pen  carriage,  and  the  X-axis  plot  by  rotary  motion 
of  the  chart  dium.  Provision  for  Z-axis  modulation  is  also  incorporated 
through  the  use  of  a  pen  solenoid  which  permits  the  pen  to  be  lifted  or  low¬ 
ered  to  the  plotting  surface  in  response  to  electrical  input  signals.  The 
plotter  employs  a  bi-directional  rccary  step  motor  on  both  X  and  Y  drives. 

Each  step  causes  the  drum  or  pen  carriage  to  move  0.01-inch  in  either  a  posi¬ 
tive  or  a  negative  direction.  The  motors  are  capable  of  operating  at  a  rate 
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of  up  to  300  steps  per  second.  Resolution  is  ±. 01-inch  (l  step)  on  either  axis 
over  the  entire  120-foot  roll  of  paper.  A  paper  feed  and  takeup  mechanism  is 
provided  which  accepts  chart  paper  rolls  12  inches  wide  by  120  feet  long.  The 
feed  and  takeup  mechanism  is  bi-directional.  The  paper  is  driven  by  sprocket 
teeth  on  the  drum  which  engages  the  sprocket  holes  on  both  edges  of  the  paper, 
thus  maintaining  accurate  registration  between  the  recording  pen  and  the  paper. 
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TABLE  1 


(U)  MODEL  CONFIGURATION  SYMBOLS 


B2  Basic  FDL-5A  body.  Leading  edge  sweep  =  8l  deg. 


TRANSITION  STRIPS 
T,  -  T. 


V  T6 


Ep  FDL-5A  trailing  elevons.  Deflection  range,  SE  =  +10  deg  to 

“  -30  deg.  Minus  deflection  indicates  trailing  edge  of  elevon  up. 


F.  Wedge  blocks  on  aft  upper  body  along  either  side  of  vertical 

fin.  Simulated  upper  body  flaps.  Superscript,  -30,  indicates 
30  degree  wedge  blocks.  Equivalent  to  •.  30  degree  flap  deflec¬ 
tion,  trailing  edge  up. 


T'  One-quarter-inch  wide  band  of  No.  40  carborundum  transition 
grit  around  nose  one  inch  aft  of  model  stagnation  point. 


3 


V„ 


No.  100  carborundum  grit.  Same  location  as  T^. 

No.  54  carborundum  grit.  Same  location  as  T^. 

No.  20  carborundum  grit.  Same  location  as  T^. 

One-quarter-inch  wide  band  of  No.  54  carborundum  grit  around 
nose,  one  inch  aft  of  model  stagnation  point  and  0.10-inch 
strips  of  No.  100  grit  along  the  model  and  vertical  fin 
leading  edges. 

No.  40  and  No.  60  grit  in  the  same  location  as  the  No.  54  and 
No.  100  grit,  respectively,  of  T^. 

FDL-5A  vertical  fin  along  body  centerline 


H 
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SECTION  3 
(U)  TEST  RESULTS 


(U)  This  section  presents  the  results  of  the  aerodynamic  wind  tunnel  test 
program  conducted  at  the  Arnola  Engineering  Development  Center  (AEDC)  for  the 
FDL-5  test  configuration.  Six-component  force,  moment,  and  pressure  data, 
and  flow  visualization  photographs  for  the  various  Mach  numbers  tested  are 
shown  and  discussed. 

(U)  The  force  and  moment  data  have  been  organized  to  show  the  effects  on  lon¬ 
gitudinal  aerodynamic  characteristics  of:  (l)  configuration  build-up,  (2) 
symmetrical  elevon  deflection,  (3)  upper  surface  flap  deflection,  (h)  asym¬ 
metrical  elevon  deflection  (aileron  deflection),  (5)  Reynolds  number  variation, 
(6)  forced  transition,  and  (7)  data  repeatability.  The  lateral-directional 
forces  and  moments  presented  show  the  effects  in  yaw  of  configuration  build-up 
and  the  effects  in  pitch  of  aileron  control.  The  pitch  data  are  presented  for 
the  angle  of  attack  range  -5  to  2b  degrees;  limited  angle  of  attack  data 
extended  to  hi  degrees  are  presented  for  M  =  10.  Combined  pitch  and  yaw  data 
are  presented  for  sideslip  angles  from  -2  to  8  degrees  for  various  angles  of 
attack  in  the  range  0  to  20  degrees.  At  M  =  19  the  yaw  data  were  recorded 
only  for  sideslip  angles  of  b  and  8  degrees. 

(U)  For  ease  of  reference  to  the  large  body  of  force  and  moment  data  presented 
within  this  section,  the  data  have  been  catalogued  by: 

•  Mach  number . 

•  Type  of  data  for  a  given  Mach  number. 

The  latter  category  includes: 

•  Configuration  buildup 

•  Elevon  effects 

•  Aileron  effects 

•  Flap  effects 

•  Forced  transition  effects 

•  Repeatability 
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•  Reynolds  number  effects 

•  Data  at  extended  angles  of  attack 

(U)  Table  2  lists  the  data  presented  for  the  various  Mach  number  cases;  it 
provides  a  convenient  outline  for  locating  data  of  a  particular  type.  The 
figures  of  this  section,  which  are  listed  by  number  in  Table  2,  are  arranged 
by  Mach  number  and  type  of  data.  Also  shown,  are  the  nominal  test  conditions 
for  each  Mach  number  at  which  most  of  the  data  were  obtained.  Throughout  the 
text  of  this  section  reference  is  made  only  to  selected  representative  data 
plots.  The  remainder  of  the  plots  are  provided  for  complete  data  presentation. 

(U)  Pressure  test  data  are  presented  to  define  the  external  distribution  of 
local  loading  in  pitch  at  M  =  1-5  to  10.  M  =  1.5  is  approximately  the  Mach 
number  for  maximum  loading  on  a  typical  launch  vehicle  VTO  boost  trajectory. 

An  outline  of  the  figures  describing  the  pressure  test  data  is  also  included 
in  TaDle  2.  The  pressure  data  is  catalogued  by  centerline  and  body  station 
location  for  each  Mach  number. 

(U)  Vapor  screen,  surface  oil  flow,  and  schlieren  photographs  were  obtained 
during  the  test  program.  These  photographs  were  made  to  provide  qualitative 
data  about  the  flow’  field  on  and  around  the  vehicle  to  assist  the  interpreta¬ 
tion  of  the  test  data.  Representative  sample  photographs  presented  include 
vapor  screens  at  M  -  1.5,  5.0,  and  8.0;  schlierens  at  M  =  8.0  and  19.0;  and 
oil  flow  at  M  =  10.0. 

3.1  (U)  DISCUSSION  OF  FORCE  TEST  DATA 

(u)  The  six-component  force  data  obtained  during  the  tests  at  Mach  numbers  of 
1.5  to  19  are  discussed  in  the  following  paragraphs.  Reference  is  made  to 
selected,  representative  data  plots. 

3-1.1  (U)  Axial  Force  Characteristics  and  Contributions 

(U)  The  axial  force  (C^)  characteristics  of  the  FDL-5  are  produced  primarily 
by  the  forebody  and  base  contributions  of  the  basic  body;  however,  the  center- 
line  vertical  fin  and  the  trailing  edge  elevons  do  provide  significant  con¬ 
tributions  to  the  total  axial  force .  The  data  presented  herein  include  the 
experimental  base  pressure. 

3. 1.1.1  (u)  Forebody  Axial  Force.  (C)  The  axial  force  of  the  forebody  is 
strongly  dependent  on  angle  of  attack  and  Mach  number.  At  the  lower  super¬ 
sonic  Mach  numbers  the  forebody  axial  force  initially  decreases  over  a  range 
of  increasing  angle  of  attack  and  then  starts  increasing.  For  the  initial 
range  of  angle  of  attack,  the  reduced  pressures  around  the  leading  edges 
(sometimes  referred  to  as  leading  edge  suction)  and  on  the  lee  side  of  the 
body  predominate  over  the  increased  windward  pressures  forcing  the  reduction 
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(U)  TYPES  OF  DATA  PRESENTED,  SHOWING  THE  VARIOUS  CASES  AND  THE 
INCLUDED  FIGURE  NUMBERS  OF  THE  PLOTS  IN  SECTION  3 
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M  =  19.0 

295  to  302 

303  to  305 

306  to  313 

295  to  305* 

314  to  320 

.640** 

18,000** 

4,220** 

o 

o 

1' 

5 

241  to  247 

248  to  259 

260  to  266 

271  to  280 

288  to  291 

292  to  294 

281  to  287 

267  to  270 

390 

391  to  395 

396 

397  to  402 

2.1 

1725 

1440 

M  =  8.0 

208  to  214 

215  to  229 

230  to  236 

237  to  240 

2.35 

505 

840 

M  =  5.0 

187  to  193 

194  to  196 

197  to  203 

204  to  207 

377 

378  to  382 

383 

384  to  389 

2.4 

48.5 

100 

CO 

li 

5 

150  to  156 

157  to  168 

169  to  175 

183  to  186 

176  to  182 

364 

365  to  369 

370 

371  to  376 

2.4 

21.3 

100 

in 

CN 

5 

102  to  108 

109  to  120 

121  to  127 

128  to  134 

142  to  145 

146  to  149 

135  to  141 

351 

352  to  356 

357 

358  to  363 

2.4 

12.6 

100 

M  =  2.0 

57  to  63 

64  to  66 

67  to  73 

74  to  80 

81  to  90 

98  to  101 

91  to  97 

338 

339  to  343 

344 

345  to  350 

2.4 

9.8 

100 

M  =  1.5 

15  to  22 

23  to  34 

35  to  41 

42  to  48 

49  to  52 

53  to  56 

325 

326  to  330 

331 

332  to  337 

2.4 

8.2 

100 

8. 

X 

t— 

Pitch 

Yaw 

Pitch 

Pitch 

Pitch 

Yaw 

Pitch 

FORCE  DATA 

Configuration  Buildup 

Elevons 

Combined  flaps  and  elevons 

Flaps 

Ailerons 

Forced  transition 

Repeatability 

Reynolds  number 

Extended  angle  of  attack 

PRESSURE  DATA 

Lower  surface  centerline 

X/L 

Upper  surface  centerline 

xA 

NOMINAL  TEST 
CONDITIONS: 

Reynolds  number  (xlO  ^/ft) 

Total  Pressure  (psia) 

Total  temperature  (°F) 
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*Repeoted  data  points  are  included  in  the  Configuration  Buildup  curves, 
**Values  cited  are  '‘typical"  since  actual  test  conditions  vary  from  run  to  run. 
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in  axial  force  seen  in  Figure  l4.  This  is  most  apparent  in  the  neighborhood 
of  a  =  l8  degrees.  As  angle  of  attack  increases  beyond  this  range,  the  wind- 
vard  pressures  start  to  predominate  and  the  axial  force  begins  increasing. 

(This  effect  combined  with  the  base  axial  force  increase  with  angle  of  attack 
produces  the  oscillatory  variation  with  angle  of  attack  of  the  total  axial 
force  as  shown  in  Figure  15).  As  Mach  number  increases  the  initial  axial 
force  decrease  with  angle  of  attack  grows  weaker  until  at  M  =  5  The  data 
(Figure  187)  show  only  an  increase  in  axial  force  as  angle  of  attack 
increases.  In  the  hypersonic  regime,  the  variation,  with  angle  of  attack,  of 
the  forebody  axial  force  contribution  due  to  pressure  is  not  a  strong  function 
of  Mach  number;  however,  the  variation  with  angle  of  attack  of  the  friction 
contribution  increases  as  Mach  number  increases  (see  Figure  296). 

3. 1.1. 2  (U)  Base  Axial  Force.  (C)  Base  axial  force  C ^  is  primarily  Mach 
number  dependent;  however,  in  the  low  supersonic  Mach  timber  range  the  data 
also  show  a  dependence  on  angle  of  attack.  Figure  l4  shows  that  at  M  =  1.5 
about  66$  of  the  total  axial  force  at  a  =  0  is  c-  itributed  by  the  base.  The 
axial  force,  due  to  base  drag  increases  45 Jo  through  20  degree  angle  of  attack. 
The  tendency  for  base  axial  force  to  increase  with  angle  of  attack  is  shown 
to  disappear  as  Mach  number  increases  in  a  summary  plot.  Figure  16.  For  test 
Mach  numbers  greater  than  M  =  2*5>  the  base  axial  force  is  essentially  con¬ 
stant  through  the  angle  of  attack  range  0  to  24  degrees.  As  Mach  number 
increases  the  base  contribution  to  axial  force  decreases  approximately  as 
1/M2. 

3. 1.1. 3  (U)  Centerline  Fin.  (C)  The  centerline  vertical  fin  (Vy)  contributes 
to  the  total  frontal  area  encountered  by  the  flow,  thereby  increasing  the 
forebody  and  base  contributions  to  axial  force.  The  increment  of  axial  force 
due  to  the  addition  of  Vy  is  most  apparent,  in  the  lower  supersonic  Mach  number 
range,  as  seen  in  Figure  15;  where  the  base  contribution  is  highest,  and  also 
where  the  shielding  effects  of  the  body  are  lowest.  For  the  test  Mach  numbers 
greater  than  5  the  axial  force  contribution  of  Vy  is  hardly  noticeable,  as 
seen  in  Figure  24l,  for  example. 

3. 1.1. 4  (u)  Undeflected  Elevons.  (c)  Although  the  addition  of  undeflected 
trailing  edge  elevons,  E2,  does  not  contribute  to  the  frontal  area  of  the  con¬ 
figuration,  the  axial  force  is  increased,  apparently  due  to  an  influence  on 
the  body  base  pressure.  This  influence  is  strongest  at  the  lower  Mach  num¬ 
bers  since  the  base  pressures  are  higher  at  these  speeds  and  is  somewhat 
dependent  of  angle  of  attack  as  seen  in  Figure  57*  The  increment  of  axial 
force  due  to  the  addition  of  undeflected  elevons  is  about  8$  of  the  total 
axial  force  at  M  =  1.5  and  decreases  to  negligible  values  for  M  5  2.49 
(Figure  102) . 

(C)  Negative  as  well  as  positive  deflection  of  the  trailing  edge  elevons 
influences  axial  force.  Positive  deflection  of  the  elevons  contributes  to  the 
vehicle  frontal  area,  thereby  significantly  increasing  axial  force;  while 
negative  deflection,  which  does  not  contribute  to  the  frontal  area,  produces 
secondary  influence  on  axial  force  at  all  but  the  lowest  supersonic  Mach  num¬ 
bers.  The  changes  in  base  pressure  environment  induced  by  negative  elevon 
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deflection  do  produce  discernible  changes  in  the  data  at  the  lower  Mach 
numbers;  except  fo1*  an  obvious  dependence  on  angle  of  attack,  specific  trends 
again  are  difficult  to  observe. 

3> 1.1. 5  (U)  Upper  Surface  Flaps,  (c)  Axial  force  is  also  strongly  affected 

by  deflection  of  the  flaps  located  on  the  aft  upper  surface  boattail  of  the 
body.  The  boattail  and  lee  side  shielding  of  these  surfaces  render  them  less 
effective  in  drag  as  Mach  number  and  angle  of  attack  increases  as  seen  by 
comparing  the  flap  deflection  increments  in  Figures  42  and  197* 


3. 1.1.6  (u)  Reynolds  Number,  (c)  The  most  interesting  effects  to  be  noted 

from  the  axial  force  data  for  various  Reynolds  numbers  occur  at  angle  of 
attack  in  the  supersonic  Mach  number  range.  For  example,  at  M  =  2.5  (Fig¬ 
ure  135  )  at  angles  of  attack  greater  than  15  degrees,  there  is  an  increase 
in  axial  force  corresponding  to  an  increase  in  Reynolds  number.  This  behavior 
is  apparently  due  to  a  Reynolds  number  influence  on  vortex  formation.  At 
hypersonic  Mach  numbers,  M  =  14  to  19>  Reynolds  number  has  a  striking  effect 
on  axial  force  at  a  =  10  degrees.  Figure  314  shows  the  variation  of  axial 
force  with  angle  of  attack  for  the  nomxnal  test  Reynolds  number  of  0.672  x 
10°/ft.  Included  in^the  plot  are  the  a  =  10  degrees  data  for  0.114  x  10° 

<  Re/ft  <  2- 090  x  10  .  Hie  substantial  C^  increase  due  to  increased  skin 
friction  an„  viscous  interaction  are  evident.  The  data  for  the  highest 
Re/ft  are  at  M  =  14.  Mach  number  effects  are  not  large  in  this  speed  range. 


3*1. 1.7  (u)  Forced  Transition,  (c)  Comparison  of  supersonic  axial  force 

data  from  Tunnel  A  for  the  model  with  and  without  forced  transition  (induced 
by  applying  grit  to  the  nose  and  leading  edges)  indicate  that  at  a  =  0  forced 
transition  produces  only  a  very  slight  increase  in  axial  force,  while  at  angle 
of  attack  the  axial  force  increment  is  much  more  pronounced  (see  Figures  133 
and  204) . 


3. 1.1. 8  (U)  Repeatability,  (c)  The  axial  force  data  recorded  for  the  various 

Mach  numbers  are,  in  general,  smooth  and  show  good  repeatability  except  for  a 
few  notable  discrepancies.  The  axial  force  repeatability  data  at  M  =  2.5 
(  Figure  l46  )  show  an  unusually  large  deviation.  The  configuration  build-up 
data  for  M  =  5  (  Figure  187  )  show  a  questionably  large  increment  due  to  the 
addition  of  the  undeflected  elevons.  Considerable  data  scatter  is  present  in 
all  of  the  M  =  10  longitudinal  data  (  Figure  24l  ).  Also,  at  M  =  19,  the  data 
(  Figure  295  )  show  an  unexplainable  difference  in  axial  force  variation  with 
angle  of  attack  due  to  the  addition  of  undeflected  elevons. 


3.1.2  (u)  Normal  Force  Characteri sties  and  Contributions 


(c)  The  primary  normal  force  characteristics  of  the  model  configuration  are 
produced  by  the  basic  body;  the  addition  of  the  centerline  vertical  fin  and 
undeflected  elevons  change  the  normal  force  characteristics  of  the  body  only 
slightly. 

3* 1*2.1  (U)  Body.  (C)  The  important  characteristic  to  be  noted  from  the  test 
data  for  the  body  is  the  initial  slope  of  the  normal  force  variation  with 
angle  of  attack.  The  slope  steadily  decreases  as  Mach  number  increases.  At 
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M  =  19  (  Figure  297  )  the  initial  CN  is  5 4$  less  than  the  value  at  M  =  1.5 
(Figure  17).  Throughout  the  Mach  number  range  tested  the  normal  force  is 
approximately  linear  through  8  degree  angle  of  attack.  At  the  lower  Mach 
numbers,  the  low  pressure  region  on  the  aft  upper  surface  of  the  body  produces 
a  positive  increment  of  normal  force  at  zero  degrees  angle  of  attack.  The 
influence  of  the  boattail  decreases  as  Mach  number  increases  and  the  normal 
force  at  a  =  0  decreases  to  a  slightly  negative  value  in  the  hypersonic  Mach 
number  range.  This  variation  is  clearly  evident  by  comparing  the  pressure 
data,  for  example,  compare  the  upper  surface  pressures  for  S/Smax  2  0.444  @ 

X/L  =  O.98  for  M  =  1.5  and  10.0  (Figures  237  and  302,  respectively). 

3. 1.2. 2  (U)  Vertical  Fin.  (C)  The  influence  of  the  vertical  fin  is  hardly 
distinguishable;  however,  a  very  slight  decrease  in  normal  force  can  be 
detected  at  M  =  1.5  (Figure  17). 

3. 1.2. 3  (U)  Undeflected  Elevons.  (c)  The  undeflected  elevons  at  &  =  0  add  a 
small  positive  increment  of  normal  force  due  mainly  to  the  low  pressure  reg ion 
on  the  base  side  of  the  elevons;  as  Mach  number  increases  the  base  pressure 
coefficient  approaches  zero  and  this  increment  disappears  (e.g.:  see  Fig¬ 
ures  17  and  209) •  The  normal  force  increment  produced  by  addition  of  the 
elevons  increases  with  angle  of  attack  due  to  the  increased  pressures  on  the 
windward  side  of  the  elevons. 

3. 1.2. 4  (U)  Upper  Surface  Flaps,  (c)  At  lower  supersonic  Mach  numbers,  the. 
upper  surface  flaps  produce  negative  Cjj  increments,  as  seen  in  Figure  43, 
since  the  flap  intercepts  the  leading  edge  vortices  evident  in  Figure  405e . 

In  the  hypersonic  regime  the  flaps  are  in  the  flow  shadow  (Figure  4o6e)  and 
are  not  effective  at  normal  flight  attitudes. 

3. 1.2. 5  (u)  Reynolds  Number,  (c)  The  data  taken  over  the  Mach  number  range. 

3.5  to  10.0  for  the  various  Reynolds  number  conditions  indicate  that,  in  the 
angle  of  attack  range  0  to  24  degrees,  normal  force  is  essentially  independent 
of  an  order  of  magnitude  variation  of  Reynolds  number  (0.7  x  10°  to  10  x  10b). 
However,  for  M  =  1-5  to  2-5  (  Figure  92  )  there  is  a  slight  decrease  in  normal 
force  at  angle  of  attack  due  to  increased  Reynolds  number.  This  again  is 
probably  due  to  a  vortex  effect  as  discussed  in  paragraph  3*1»1*  At  Mach  19; 
insufficient  data  were  taken  to  completely  evaluate  the  influence  of  Reynolds 
number  on  normal  force;  the  limited  data  which  were  taken  at  10  degrees  angle 
of  attack  (  Figure  315  )  show  that  there  is  a  slight  variation  in  nprmal  force 
for  Reynolds  number  variation  about  the  nominal  value  of  G.672  x  10°/ft. 

3. 1.2. 6  (u)  Forced  transition,  (c)  Comparison  of  supersonic  data  with  and 

without  transition  grit  applied  to  the  body  nose  and  leading  edges  shows  no 
significant  changes  in  normal  force  due  to  forced  boundary  layer  transition. 

3.1.3  (U)  Pitching  Moment  and  Longitudinal  Stability 

(C)  The  pitching  moment  characteristics  of  the  test  configuration  are  produced 
primarily  by  the  body  1  nd  trailing  edge  elevons.  The  longitudinal  stability 
of  the  basic  configuration  and  the  effect  of  the  fin  and  eie<ouc  are  di^cns-'ed 
in  the  following  paragraphs . 
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3. 1*3*1  (u)  Basic  Configuration,  (c)  The  pitching  moment  variation,  with 

angle  of  attack,  of  tiie  complete  configuration  with  undeflected  elevors  is 
everywhere  stable  or  neutrally  stable;  however,  at  the  lower  Mach  numbers 
there  is  a  force  couple,  generated  at  zero-lift  which  produces  a  significant 
negative  Cpi,  .  This  increment  is  produced  by  the  aft  upper  surfaces,  and  by 
the  low  pressure  region  on  the  base  side  of  the  elevons.  The  upper  surface 
reduced  pressures  arc  evident,  in  Figure  337*  As  Mach  number  increases,  the 
pressure  coefficients  in  these  regions  increase  and  the  disappears.  The 
combined  effectiveness  of  the  elevons  and  flaps  is  sufficient  to  trim  0 
(  Figure  44  )  tut  a  considerable  penalty  to  L/D  results  (Figure  48) . 


i  ?>  »  A 

J  A. 


'  v; 


1.5  to  2.5),  the  stability  of  the  config¬ 
uration  with  elevons  undcfleeted  decreases  as  angle  of  attack  increases  since 
forebedy  Vir’t  is  increased  due  to  the  leading  edge  vortices.  At  M  =  1*5 ,  for 
example .  ( Figure  I9)  the  static  margin  at  <v  =  0  degree  is  about  10 $  and  for 
angles  of  attack  greater  Than  17  degrees  the  configuration  is  neutrally  stable. 
This  trend  is  reversed  at  the  higher  Mach  numbers  since  vortex  action  is  not 
present.  At  M  =  1$  (Figure  299)  the  stability  of  the  configuration  is  initially 


neat 


and  increases  to 


static  marein  .at  *v  =  20  degrees  .  For  an  intermed¬ 


iate  Mach  number  case,  the  static  margin  at  M  =  3*5  about  5 1°  (Figure  153) 


IV'*'  lOO  Ca  'Cl,  V~.  t  1  c  I  ~|  \ 


ally  constant  for  the  angle -of -attack  range  tested. 


3.1.3..2  (U)  Vertical  'Taj]  .  (C)  The  vertical  tail  contributes  only  a  very 

small  .positive  increment  "of  pitching  moment  at  the  lower  Mach  numbers  which 

H  rsa  q 


is  not,  sigaificant ly  al^er  trie  variation 
basic .body;  this  increment  is  due  primarily 
and  is  evident  in  Figure.  18. 


:f  0„-w 

■*-  «-%  4- Vs  /-s 


i  angle  of  attack  for  tK 
■r.ent  of  the  fin  base  drag 


3.1.3 <3  (U)  Undcflcctcd  Elevons.  (C)  The  undeflected  elevons  contribute  a 

sizeable  negative  increment  due  to  the  low  pressure  region  on  the  base  side  of 
the  elevons.  The  contribution  of  the  elevons  is  stabilizing  at  all  Mach 
numbers . 

(C)  In  the  low  supersonic  Mach  number  range  (M  =  1*5  to  2.5)  elevon  deflection 
does  not  significantly  influence  longitudinal  stability  (Figure  38);  how¬ 
ever,  deflection  of  the  upper  surface  flaps  provides  a  stabilizing  influence 
at  angle  of  attack  (Figure  45  );  i.e.,  the  static  margin  with  flaps  deflected 
tends  to  remain  fairly  constant,  whereas  with  flaps  undeflected  the  stability 
margin  decreases  with  increasing  angle  of  attack.  In  the  hypersonic,  flow 
regime,  positive  def lection  of  the  elevons  tends  to  increase  longitudinal 
stability  while  negative  deflections  are  destabilizing  as  shown  in 
Figures  309  ^nd  310. 


(C)  It  is  important  to  note  the  control  power  capability  of  the  elevons  and 
flaps  from  the  pitening  moment  data.  The  elevons  produce  moderately  effective 
nose-up  moment  increments  at  the  lower  Mach  numbers  (  Figure  38  ),  but  com¬ 
bined  with  the  trimming  effectiveness  of  the  upper  surface  flaps,  the  potential 
control  power  capability  is  adequate  (  Figure  45  )  •  As  Mach  number  increases 
the  positive  pitching  moment  increments  produced  by  the  flaps  and  elevons 
steadily  decrease  (  Figure  200  ) .  The  control  capability  of  the  configuration 
is  reduced  for  Mach  numbers  greater  than  about  5*  At  M  =  19,  the  flaps  are 
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ineffective  and  the  elevons  produce  relatively  email  positive  pitching  moment 
increments  at  angle  of  attack  (Figure  309)  • 


3. 1.3. 4  (U)  Reynolds  Number.  (C)  The  deviations  in  pitching  moment  charac¬ 
teristics  due  to  variation  in  Reynolds  number  are  closely  related  to  the 
corresponding  normal  force  variations.  As  in  the  case  of  normal  force,  the 
pitching  moment  characteristics  in  the  angle  of  attack  range  0  to  24  degrees 
and  the  Mach  number  range  3*5  To  10  are  essentially  independent  of  an  order  of 
magnitude  variation  of  Reynolds  number  about  the  value  4  x  10  .  At  Mach  num¬ 
bers  less  than  2.5  (  Figure  95  ),  an  increase  in  Reynolds  number  produces 
increased  pitch-up  at  high  angles  of  attack;  at  low  angles  of  attack  the 
stability  is  not  strongly  influenced. 

3. 1.3. 5  (u)  Forced  Transition,  (c)  As  in  the  case  of  normal  force,  forcing 
boundary  layer  transition  does  not  affect  the  supersonic  pitching  moment  data 
(Figure  100 ) . 

3-1.4  (U)  Lift/Drag  Ratio 

3. 1.4.1  (U)  Configuration  Build-up.  (c)  Configuration  build-up  effects  on 

L/D  are  most  significant  in  the  supersonic  Mach  number  range;  at  higher  speeds, 
the  small  incremental  changes  experienced  are  negligible.  The  addition  of  the 
vertical  fin  produces  a  small  negative  L/D  increment  at  low  angles  of  attack, 
which  becomes  even  less  apparent  at  L/\ax  (Figure  108).  The  addition  of 
undeflected  elevons  produces  positive  increments  in  both  lift  and  drag.  In 
most  cases  these  compensate  in  L/D,  however,  in  some  instances  the  ratio  of 
incremental  lift  to  incremental  drag  is  less  than  that,  for  the  body  resulting 
in  an  overall  L/D  reduction.  An  example  of  this  occurs  at  M  -  2  in  the  angle 
of  attack  range  6  to  20  degrees  (Figure  6 3) • 


3. 1.4. 2  (u)  Elevons  and  Flaps,  (c)  The  elevon  and  flap  deflections  required 

to  trim  the  vehicle  at  low  supersonic  Mach  numbers  produce  strong  penalties  in 
L/D.  This  is  due  to  the  negative.  characteristic,  of  the  configuration  at 
these  speeds  which  was  discussed  earlier.  At  Mach  numbers  1.5;  2.0,  and  2*5 
combined  flap  and  elevon  deflections  of  -30  and  -20  degrees,  respectively, 
decrease  L/D^j,  approximately  20%  (Figure  80) . 


5. 1.4. 3  (U)  Reynolds  Number  and  Viscous  Effects.  (C)  Reynolds  number  varia¬ 

tion  at  supersonic  speeds  does  not  change  the  L/D  characteristics  signifi¬ 
cantly  (  Figure  97  ),  but  the  tests  at  decreased  Reynolds  numbers  at  M  =  ] 0 
and  19  result  in  sharp  L/D  reductions.  The  M  =  10  test  data  (Figure  287) 
show  that  as  the  Reynolds  number  is  reduced  from  2.1  x  10°  to  0.4  x  10°  per 
foot,  maximum  L/D  is  reduced  about  17%.  At  M  =  19  (Figure  320),  as  the 
Reynolds  number  is  reduced  from  2.09  x  10°  to  0.114  x  10°  per  toot,  there  is 
about  a  58%  reduction  in  maximum  L/D  due  primarily  to  the  increased  axial 
force  discussed  previously. 


(C)  The  correlation  of  maximum  L/D  with  v  shown  in  Figure  322  (where  v*  = 

M  vW/ R  )  data  from  Tunnels  B,  C,  and  F.  These  data  were  developed 
co  '  6t 
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=  .773  for  Tunnels  B  and  C .  This  ratio  vac  dcvca-opc-u.  j  rom  isoue± 

wall  temperatures  measuicd  on  a  similar  steel  model  with  a  cooled  interna^. 

balance  in  Tunnel  B  (Ref.  l) .  Rarefaction  parameter  values  were  calculated 

from  the  Tunnei  F  reduced  data  assuming  Tw  =  540  R.  The  inviscid  value 

(v*  =  0)  was  determined  from  theory.  The  correlation  defines  a  consistent 

trend  showing  an  increase  in  L/D  as  v*  decreases;  however ,  the  Tunnels 

B  and  C  correlations  shown  are  fortuitous  since  some  transition  may  be  present 

in  violation  of  the  assumption  of  laminar  flow  for  the  correlation.  At  the 

nominal  design  condition,  =  20,000  fps,  h  =  2  x  10 &  ft,  v*  is  0.0106  and 

the  L/D  indicated  is  2.84. 

'  max 

(C)  Variation  of  maximum  l/t )  with  Mach  number  for  the  configuration  with  eie- 
vons  undeflected  it,  shown  in  Figure  321.  With  the  exception  of  the  M  =  20 
point,  the  data  points  are  taken  directly  from /the  test  data  for  a  model 
length  Re3m6lds~nurj.her_.pf  approximately  4  x  10°.  The  value  at  M  =  20  is 
obtained  from  Figure  3-309'"  "The  L/D  ratio  increases  from  a  value  of  2.05  at 
M  =  1.5  to  3.^5  at  M  -  10.  Beyond  M  -  10  the  increase  in  altitude  associated 
with  a  normal  entry  flight  path  causes  the  L/r^ax  to  decrease  to  2.84  at 
M  =  20  due  to  the  increasing  viscous  effects.  Potential  increases  in  low 
speed  L/ELgv  which  may  be  achieved  through  aft  end  and  elevon  modification  are 
also  indicated  on  Figure  321 . 


3.1.5  (U)  Extended  Angle  of  Attack 

(c)  The  nominal  angle  of  attack  range  of  the  test  data  was  extended  at  M  =  10 
to  about  47  degrees.  The  longitudinal  data  obtained  are  shown  in  Fig¬ 
ures  267  through  2?0  and  present  no  unusual  trends.  A  center  of  gravity 
location  of  65$  is  required  to  achieve  trim  at  a  =  30  degrees. 

3.1.6  (■■}  Side  Force 

(C)  A-  .  =  1.5  and  a  =  0  (  Figure  23  ),  the  vertical  fin  provides  about  56%  of 
the  siue  force  coefficient  slope  (Cyo)  of  the  complete  configuration,  and  at 
M  -  10  (  Figure  248  )  the  contribution  is  less  than  10%.  Configuration 
build-up  data  for  the  vertical  fin  (Vj)  were  not  recorded  at  M  =  19  since  the 
model  was  built  with  an  integral  fin.  The  data  for  Mach  numbers  up  to  10  show 
that  the  body  side  force  coefficient  slope  increases  gradually  with  M^ch  num¬ 
ber.  At  M  =  10  the  body  produces  about  20%  more  side  force  than  at  M  =  1.5* 

(C)  The  slope  of  the  side  force  variation  with  yaw  angle  decreases  at  the 
higher  angles  of  attack  due  primarily  to  the  reduced  effectiveness  of  the 
vertical  fin.  This  is  shown  in  Figures  157  to  160  for  M  =  3.49.  The  data 
show  -ohat  there  is  little  effect  due  to  the  fin  at  n  =  15  degrees. 

(C)  It  is  interesting  to  note  that  in  seve-ral  cases  the  addition  of  the  verti¬ 
cal  fin  produces  a  (3  =  0  off-set  of  the  side  force  data  as  seen  in  Figures  23 
to  26  for  example.  This  off-set  is  more  in  evidence  at  angle  of  attack 

greater  than  at  a  -  0.  This  effect  is  apparently  due  to  model  asymmetry, 
flow  angularity,  or  both. 
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(C)  Due  to  the  decreased  effectiveness  of  the  vertical  tail,  the  side  force 
variation  with  yaw  ^ngle  decreases  as  Mach  number  increases  to  M  =  10.  This 
trend  is  contradicted  by  the  M  =  19  data  (  Figure  303  ),  which  show  a  40% 
increase  in  |  Cy^  |  over  the  value,  at  M  =  10  (Figure  243)  . 

(C)  Aside  from  the  variance  at  M  =  19,  Lhe  side  force  da La  appear  generally 
good.  There  is,  however,  an  unaccounted  discontinuity  in  the  side  force  data 
at  M  =  10  and  c  =  10  degrees  (Figure  250) . 

3-1.7  (U)  Lateral-Directional  Stability 


(C)  The  directional  stability  of  the  body  alone  generally  increases  with  Mach 
number  and  angle  of  attack.  At  the  low  supersonic  Mach  numbers  the  body  alone 
is  directionally  unstable  at  low  angles  of  attack  becoming  stable  ar  the 
higher  angles  (  Figure  27  to  30  ).  At  hypersonic  speeds,  the  body  alone 
is  directionally  stable  at  (3  =  0  for  the  complete,  angle  of  attack  range 
tested  (  Figures  350  to  355  );  this  verifies  the  concept  of  compression 
sharing  employed  in  this  configuration.  At  high  angles  of  attack  nonlinearity 
of  the  yawing  moment  variation  with  (3  shows  a  decrease  in  directional  stability 
of  the  body  for  yaw  angles  greater  than  4  degrees  (compare  Figures  3-102 
and  3-150,  for  example). 

(C)  The  addition  of  the  vertical  fin  is  sufficient  to  mak.  the  complete  con¬ 
figuration  directionally  stable  for  the  ranges  of  Mach  number,  angle  of 
attack,  and  sideslip  angle  tested.  The  decreased  effectiveness  of  the  verti¬ 
cal  fin  as  Mach  number  increases  from  1*5  to  10  and  as  angle  of  attack 
increases  from  0  to  20  degrees  reduces  the  directional  stability  of  the  con¬ 
figuration.  At  hypersonic  Mach  numbers  and  high  angles  of  attack,  where  the 
vertical  fin  is  ineffective,  the  directional  stability  is  not  a  strong 
function  of  Mach  number  and  is  relatively  constant  with  angle  of  attack.  This 
characteristic  at  angle  of  attack  was  one  of  the  basic  design  concepts  upon 
which  the  development  of  the  FDL-5  configuration  was  based  as  described  in 
Volume  II  of  this  report. 

(C)  As  in  the  case  of  directional  stability,  the  vertical  fin  contributes  to 
roll  stability  only  at  low  Mach  numbers  and  low  angles  of  attack.  The  verti¬ 
cal  fin  does  not  contribute  significantly  to  roll  stability  for  Mach  number 
greater  than  5  or  for  angles  of  attack  greater  than  15  degrees. 

(C)  Th  ■  complete  configuration  is  roll  stable  at  all  normal  flight  attitudes 
throughout  the  Mach  number  range.  The  data  show  that  the  configuration  is 
stable  at  angles  of  attack  above  5  degrees  for  all  Mach  numbers  tested.  At 
the  low  supersonic  Mach  numbers  the  configuration  is  also  roll  stable  at  low 
angles  of  attack  due  to  the  increased  effectiveness  of  the  vertical  fin. 

3-2  (U)  PRESSURE  DISTRIBUTION  DATA 

(c)  The  pressure  distribution  data  obtained  during  the  tests  at  Mach  1.5  are 
discussed  in  the  following  paragraphs.  The  sensor  arrangement  for  the  model 
is  shown  in  Figure  323  and  the  spanwise  locations  defined  in  the  following 
sketches. 
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(U)  The  bulk  of  the  discussion  is  based  on  the  M  =  1*5  data  since  it  is  at 
approximately  this  speed  that  the  maximum  load  condition  occurs  as  revealed 
in  the  cross  plots  of  measured  pressures  at  representative  vehicle  locations 
(Figures  324  a^b).  The  pressure  data  for  Mach  1.5  and  also  for  Mach  num¬ 
bers  2  to  10  are  presented  in  plotted  form  in  Figures  325  to  402.  The 
M  =  10  and  M  =  20  data  are  discussed  in  Volume  IV  of  this  report. 


3-2.1  (U)  Centerline  Data 

3. 2. 1.1  (C)  Lover  Surface-  (C)  The  pressure  data  (at  M  =  1.5;  P  =  0  degrees) 
along  the  bottom  centerline  of  the  configuration  (Figure  325)  show  a  reduc¬ 
tion  in  pressure  as  flow  expands  from  the  forward  ramp  onto  the  aft  surface 
(at  X/L  =  0.6l)  and  a  pressure  recovery  as  the  flow  approaches  the  body  trail¬ 
ing  edge.  The  flow  expands  to  a  minimum  pressure  at  X/L  =0.68  where  recom¬ 
pression  commences.  Angle  of  attack  variation  produces  essentially  constant 
increments  of  pressure  all  along  the  bottom  centerline.  Tangent-cone  theory 
generally  underpredicts  the  pressures  at  cr  =  0  and  overpredicts  the  pressures 
at  o  =  20  degrees. 

3. 2. 1.2  (U)  Upper  Surface.  (C)  The  pressure  data  along  the  upper  surface 
centerline  (  Figure  331  )  show  the  pressure  decreases  as  flow  expands  onto  the 
upper  surface  boattail  and  increases  on  the  fin  leading  edge.  Flow  expansion 
is  first  seen  at  x/L  =  0.6l  and  reaches  a  minimum  at  x/L  =  0.76,  just  forward 
of  the  fin  leading  edge  (x/L  =  0.J8).  The  data  on  the  fin  (0.8l  <  X/L  £  1.0/ 
show  a  sharp  compression  and  a  pressure  decay  moving  aft  along  the  fin  leading 
edge.  (The  pressure  tap  at  x/L  =  0.8l  was  inoperative.) 

3.2.2  (U)  Spanwise  Data 

3. 2. 2.1  (U)  Lower  Surface.  (C)  The  spanwise  pressure  data  show  a  nearly  con¬ 

stant  distribution  of  pressure  at  low  angles  of  attack  with  a  decreasing  pres¬ 
sure  gradient  in  the  spanwise  direction  due  to  crossflow  about  the  leading 
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edges  as  angle  of  attack  is  increased.  At  angle  of  attack  the  pressure 
gradient  shows  a  smooth  spanwise  distribution  at  stations  forward  of  x/L  = 
O.jC.  Negative  pressure  gradient  is  apparent  across  most  of  the  span  (Fig¬ 
ures  326  to  328  ) .  The  aft  bottom  surface  (Figures  329  and  330  )  is 
flatter  and  the  reduced  pressures  due  to  crossflow  are  not  apparent  until  just 
inboard  of  the  lower  side  compression  surfaces.  Upwasli  around  the  leading 
edges  at  angle  of  attack  results  in  a  sudden  decrease  in  pressure  on  the  lower 
side  compression  surfaces. 

3*2. 2. 2  (U)  Upper  Surface.  (C)  At  zero  degree  angle  of  attack,  the  spanwise 

distribution  of  pressure  on  the  upper  surface  forward  of  X/L  =  0.76  is  essen¬ 
tially  constant,  while  at  X/L  =  O.76  and  for  stations  farther  aft  there  is  a 
strong  spanwise  variation  of  pressure  due  to  afterbody  boattaillng  (Fig¬ 
ures  332  to  337  )•  At  X/L  =  O.76  the  data  show  the  boattail  effect  for 
about  half  the  inboard  span,  and  for  stations  farther  aft  boattailing  influ¬ 
ences  a  wider  range  of  span.  The  data  for  stations  on  the  boatrail  (Fig¬ 
ures  335  to  337  )  show  that  moving  inboard  (S/Smax  =  0  towards  l)  the 
pressures  decrease  to  a  minimum  approximately  at  the  juncture  of  the  upper 
side  compression  surface  and  the  flat  upper  surface  and  then  increase  moving 
toward  the  centerline  fin.  The  positive  pressure  coefficients  at  S/Sn,ax  =  1 
for  X/L  =  0.86  and  O.96  are  on  the  vertical  fin  leading  edge. 

(c)  The  spanwise  variations  of  upper  surface  pressures  are  considerably 
changed  at  angle  of  attack.  Pressures  along  the  side  surfaces  are  more 
strongly  decreased  than  pressures  along  the  top  surface  due  to  the  formation 
of  leading  edge  vortices;  this  moves  the  minimum  pressure  location  toward  the 
leading  edge  to  a  point  about  midway  along  the  lateral  surfaces.  These  pres¬ 
sure  reductions  on  the  forebody  sides  with  angle  of  attack  due  to  the  vortex 
buildup  are  particularly  evident  in  Figure  33*+  •  As  the  model  attitude 
increases,  the  vortex  strength  becomes  "tronger  and  the  leading  edge  suction 
forces  become  more  pronounced.  For  example,  at  a  =  8  degrees,  the  pressure 
data  indicate  that  the  flow  is  separated  near  the  leading  edge  and  reattaches 
at  about  S./Smax  =  0.3*  This  corresponds  to  the  separation  seen  in  the  vapor 
screen  phonograph.  Figure  *+10b. 

3*2.3  (U)  Body  Flow  Field 

(C)  The  leading  edge  vortex  is  a  dominant  feature  of  the  body  flow  field  at 
angle  of  attack.  It  owes  its  existence  to  the  subsonic  leading  edge  condi¬ 
tions  present  at  low  speeds.  As  the  Mach  number  increases,  the  leading  edges 
become  essentially  supersonic  and  the  vortex  disappears.  Evidence  of  these 
changing  flow  fields  is  shown  in  Figure  *+03  which  shows  change  in  upper 
surface  spanwise  pressure  distribution  at  the  50  percent  chord  length  for 
Mach  numbers  1*5  to  10.0.  The  reduced  pressures  on  the  side  panel  at  M  =  1.5 
and  the  reduction  of  vortex  strength  with  increasing  Mach  number  are  clearly 
evident. 

3.2.*+  (U)  Higher  Mach  Number  Data 

(C)  The  M  =  2.0  through  10.0  pressure  data  are  presented  in  Figures  338 
through  *+02  for  reference  to  show  equivalent  data  in  the  higher  supersonic 
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and  hypersonic,  regimes.  The  M  =  10.0  data  are  also  presented  in  Volume  IV 
where  they  are  discussed  and  correlated  with  analytical  data. 

3-3  (U)  FLOW  VISUAHZATION 

(U)  During  the  test  program,  flow  visualization  was  accomplished  through  vapor 
screen  photographs,  oil  flow  photographs  and  schlieren  photographs.  The 
phenomena  observed  during  the  tests  are  discussed  in  the  following  paragraphs. 

3*3*1  (u)  Vapor  Screen  Photographs 


(U)  The  vapor  screen  photographs  are  presented  in  Figures  bob,  4-05  and 
4 08.  These  photographs  display  the  flow  field  about  the  model  at  various 
longitudinal  body  stations  for  Mach  numbers  1.5,  .5*0,  and  8.0,  respectively. 

Two  procedures  were  used  to  generate  vapor  in  the  tunnel.  In  Tunnel  A 
(M  =  1.5  and  5*0),  steam  was  introduced  in  the  tunnel  flow  settling  chamber 
upstream  of  the  throat  until  the  vapor  in  the  test  section  was  dense  enough 
for  photography.  In  Tunnel  B,  the  test  section  vapor  was  produced  by  reducing 
the  temperature  of  the  air  supply  and  allowing  the  resiiaal  water  vapor  to 
condense  due  to  expansion  through  the  throat.  The  illuminating  light  screen 
was  generated  by  a  narrow  laser  beam  swept  up  and  down  across  the  flow  in  a 
plane  normal  to  the  tunnel  centerline ;  the  flow  was  then  photographed  with  a 
time  exposure  to  eliminate  an  image  of  a  discrete  light  beam. 

(U)  This  flow  visualization  process  is  relatively  new  and  not  too  frequently 
used;  however,  certain  flow  field  phenomena  are  revealed  which  would  not 
otherwise  be  apparent  except  through  extensive  flow  field  surveys.  The 
division  between  the  light  and  dark  portions  is  not  clearly  understood; 
however  it  is  suspected  that  the  division  is  related  to  an  isotherm  which 
causes  the  condensate  to  re-vapor:ze  and  become  invisible  to  the  light  screen. 
There  is  also  certain  to  be  some  connection  of  the  isotherm  with  boundary  layer 
thickness.  Vortex  phenomena  may  also  be  made  visible  because  of  the  increased 
energy  level  in  the  vortex  which  would  induce  revaporization. 


(C)  At  M  =  1.5,  a  flow  separation  and  vortex  emanating  from  the  body  leading 
edge  is  apparent  in  each  picture.  The  vortex  moves  up  the  upper  compression 
surface  and  crosses  the  base  over  the  flat  aft  body  slope.  It  is  not  visible 
in  any  of  the  M  =  5*0  photographs,  Figure  405 .  Indeed,  the  entire  aft  upper 
surface  appears  to  be  in  separated  flow.  The  resulting  effects  on  body  pres¬ 
sures  are  shown  in  Figure  4-06.  This  separation,  of  course,  would  account 
for  the  decreasing  effectiveness  of  the  upper  body  flaps  as  Mach  number 
increases  from  1*5  to  5*0,  as  shown  in  Figure  b07 • 

(U)  Vortices  caused  b.v  flow  separation  from  the  forebody  shoulder  are  clearly 
shown  in  Figures  4o4  and  405  •  A  "double-bubble"  effect  is  apparent  at 
both  Mach  numbers  which  may  be  caused  by  a  secondary  vortex  system. 

(U)  At  M  =  5*0,  the  photographs  show  the  shock  wave  system  quite  clearly. 
Figures  405a  through  e  show  the  bow  shock.  Figure  405e  shows  the  complex 
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shock  system  existing  at  the  vehicle  base.  Three  shocks  are  clearly 
identifiable:  one,  the  outer  shock  is  the  continuation  of  the  bow  shock;  two, 
the  inner  shock  is  generated  by  the  centerline  fin;  and  three,  the  middle 
shock  is  generated  by  the  aft  compression  surfaces. 

(U)  At  M  =  8.0,  another  "double -bubble"  phenomena  appears  which  may  or  may  not 
be  related  to  that  previously  discussed.  In  Figure  407,  the  bubble  is 
clearly  defined  on  the  lower  surface  at  a  =  0  degrees  and  on  the  upper  sur¬ 
face  at  o  =  5  degrees,  the  latter  most  clearly  in  Figure  407h.  The  bow 
shock  is  also  clearly  seen.  This  effect  has  also  been  noted  in  Tunnel  C  at 
M  =  10.0  on  a  blunted  flat  plate  delta  wing  at  a  =  0  degrees.  Similarities 
appear  in  the  oil  flow  pictures  shown  in  Figures  4o8k  and  b.  The  bubble  in 
Figure  kOJb  seems  to  be  related  to  the  centerline  streak  in  Figure  4o8k 
as  well  as  the  dark  layer  in  the  a  =  0  degree  schlieren  in  Figure  kog. 
Similarly,  the  upper  bubble  (  Figure  4o8e  )  appears  related  to  the  separation 
lines  and  secondary  vortex  streaks  appearing  in  Figure  4o8b  on  the  upper 
forebody. 

3*3-2  (U)  Oil  Flow  Photographs 

(u)  The  oil  flow  photographs,  of  Figure  ^08,  show  the  top,  side,  and  bottom 
of  the  pressure  model  in  Tunnel  C  at  M  =  10.0.  The  surface  flow  patterns  were 
made  visible  by  painting  the  model  with  a  solution  of  titanium  dioxide  in 
silicon  oil  and  injecting  the  model  in  the  tunnel  flow.  After  a  suitable 
length  of  time,  the  model  was  withdrawn  and  photographs  taken  of  the  top, 

(  side,  and  bottom  surfaces.  New  coatings  were  applied  for  each  angle  of 

'  attack.  The  pressure  orifices  on  the  model  form  traces  in  the  fluid  which 

help  identify  local  flow  direction. 

(u)  The  top  and  side  views,  Figures  4o8a  through  j  show  that  the  flow  is, 
as  would  be  expected,  in  the  direction  of  reduced  pressure.  At  a  =  0  degree 
with  the  upper  forebody  in  compressive  conical  flow,  the  streamlines  are 
generally  parallel  to  the  longitudinal  axis  curving  upwards  at  the  aft  end 
toward  the  separated  flow  regime  on  the  upper  aft  surface.  This  pattern  is 
most  clearly  depicted  in  Figure  4o8a.  At  a  -  6  degrees,  the  upper  surface 
flow  pattern  for  the  higher  angles  of  attack  is  well  established,  being  char¬ 
acterized  by  an  accumulation  of  fluid  at  the  separation  line  on  the  shoulder. 
Secondary  flow  separations  are  visible  at  a  =  12  degrees,  Figure  ho8e,  on 
the  forebody  and  at  a  =  8  degrees  adjacent  to  the  fin  in  Figure  ho8c . 

(U)  The  lower  surface  flow  over  the  forebody  is  directed  toward  the  centerline 
at  a  =  0  degree  which  may  account  for  the  "bubble"  noted  in  Figures  ^07b 
to  d.  This  centerline  flow,  which  may  be  a  vortex  system,  becomes  much  more 
complex  on  the  lower  boattail  as  additional  separations  are  induced.  At 
higher  angles  of  attack  (e.g.,  a  =  12  degrees,  Figure  ho8e  )  the  lower  fore¬ 
body  flow  becomes  conical;  the  boattail  flow  direction  remains  inboard  partly 
due  to  the  higher  pressures  on  the  lower  side  compression  surface. 
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3*3*3  (U)  Schlieren  Photographs 

(U)  A  typical  set  of  schlieren  photographs  is  presented  in  Figure  4l0. 

These  pictures  were  taken  in  Tunnel  B  at  M  =  8.0  over  the  angle  of  attack 
range  zero  to  25*5  degrees.  The  fore  and  aft  window  photos  have  been  com¬ 
bined  to  facilitate  visualization.  Trie  Schlieren  system  used  was  a  conven¬ 
tional  single-pass  system  using  a  spark  light  source  of  about  one -micro second 
duration. 

(U)  Figure  ^-10  shows  the  elevons  mounted  at  zero  deflection.  Windward 
deflections  show  no  evidence  of  separation  propagating  forward  except  for  the 
trivial  case  of  a  =  -k  degrees.  Large  negative  deflections  (TE  up)  showed 
complete  separation  at  low  angles  of  attack  and  reattached  flow  at  large 
angles  of  attack  (about  10  -  15  degrees  depending  on  the  eleven  deflection). 

(U)  Figure  4-11  is  a  representative  schlieren  from  the  Tunnel  F  force  test 
series  which  utilized  the  dual  sting  installation. 

(U)  The  top  model  attitude  is  a  =  4  degrees,  p  =  0  degree  while  the  lower 
model  attitude  is  a  =  0  degree,  p  =  4-  degrees  (M  =  l8.l).  Evidence  of  the 
lower  surface  ''bubble"  is  again  present  as  in  Figure  4l0  (at  a  =  0  degree). 
The  shock  system  for  the  lower  (yawed)  model  also  shows  the  strong  shock 
produced  by  the  compression  surfaces. 
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SECTION  4 

(U)  CORRELATION  OF  TEST  DATA  WITH  THEORY 


4.1  (U)  FORCE  AND  MOMENT  DATA 


(u)  Estimated  six-component  static  force  and  moment  coefficients  are  compared 
with  test  data  in  the  following  subsections.  The  force  and  moment  coefficients 
are  presented  for  Mach  numbers  ranging  from  1.5  to  19.  The  longitudinal 
aerodynamic  coefficients  (C^,  Cjj,  Cm)  are  illustrated  for  angles  of  attack 
from  -4  to  24  degrees.  The  lateral-directional  coefficients  (Cy,  Cn ,  C^)  are 
shown  for  angles  of  sideslip  up  to  10  degrees.  Four  analytical  methods  of 
estimation  are  illustrated  by  the  predicted  coefficients;  each  method 
employs  a  different  technique  for  estimating  the  pressure  force  and  moment 
contributions  of  the  fuselage  forebody.  Other  incremental  force  and  moment 
contributions  (friction  drag,  base  drag,  vertical  tail  lateral-directional 
coefficients,  etc.)  have  been  determined  by  identical  techniques  for  each  of 
the  four  methods.  Therefore  any  difference  between  the  coefficients  predicted 
by  the  four  methods  is  due  entirely  to  the  estimated  fuselage  forebody  pres¬ 
sure  force  and  moment  increments. 

4.1.1  (U)  Prediction  Methods 


(U)  The  aerodynamic  coefficients  of  the  FDL-5  configuration  have  been  pre¬ 
dicted  by  estimating  the  separate  force  and  moment  contributions  due  to: 

(l)  pressures  acting  on  the  fuselage  forebody,  the  blunt  nose  cap,  the  fuselage 
base,  and  the  vertical  tail;  and  (2)  friction  forces  acting  on  the  wetted  area 
(excluding  the  base  area)  of  the  entire  configuration. 

4. 1.1,1  (U)  Fuselage  Forebody.  (U)  Three  different  analytical  techniques  have 

been  used  to  determine  the  pressure  force  and  moment  contribution  of  the 
fuselage  forebody.  Method  1  uses  the  tangent-cone  technique  to  predict  the 
forebody  force  and  moment  coefficients.  This  method  assumes  that  the  pressure 
acting  on  a  local  surface  is  a  function  of  the  free  stream  Mach  number  and  the 
local  surface  deflection  angle.  The  pressure  acting  on  a  compression  surface, 
then,  is  assumed  to  be  identical  to  the  pressure  expei ienced  on  a  right  cir¬ 
cular  cone  at  zero  yaw  having  a  semi -vertex  angle  equal  to  the  deflection 
angle  of  the  local  surface.  Pressures  acting  on  an  expansion  surface  are 
assumed  to  be  equal  to  the  ambient  pressure.  The  forces  and  moments  acting 
on  the  body  are  determined  by  the  integration  of  the  local  pressures  over  the 
entire  surface  of  the  body.  A  detailed  description  of  the  equations  used  in 
the  calculation  is  presented  in  Reference  2. 
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(U)  Method  2  employs  the  tangent-cone /Prandtl-Meyer  technique  to  determine 
the  forebody  force  and  moment  coefficients.  Pressures  acting  on  compression 
surfaces  are  determined  by  the  tangent-cone  technique  of  Method  1.  The 
pressure  acting  on  an  expansion  surface  is  taken  equal  to  the  pressure  experi¬ 
enced  by  a  two-dimensional  surface  having  the  same  expansion  angle  as  the 
angle  of  the  local  surface  relative  to  the  freestream  velocity  vector .  The 
equations  approximaxing  the  Prandtl-Meyer  pressure  coefficients  are  presented 
in  Reference  3 •  The  force  and  moment  coefficients  are  again  determined  by 
integrating  the  local  pressures  over  the  surface  of  the  entire  forebody  as  in 
Method  1. 

(U)  Method  3  applies  Newtonian  flow  theory  to  the  fuselage  forebody.  The 
computer  program  used  to  perform  the  calculations  is  described  in  Reference  k, 

b. 1.1. 2  (u)  Nose  Cap.  (U)  The  axial  force  contribution  due  to  pressures  act¬ 

ing  on  the  blunt  nose  cap  was  assessed  with  modified  Newtonian  flow  theory. 

The  applicable  charts  are  presented  in  Reference  5 • 

b.  1.1. 3  (ll)  Fuselage  Base.  (U)  The  axial  force  contribution  due  to  pressure 
acting  on  the  fuselage  base  was  approximated  by  -l/M^. 

4. l.l.U  (U)  Vertical.  Fin.  (U)  The  estimation  of  the  force  and  moment  contri¬ 
butions  of  the  vertical  tail  was  based  on  the  local  flow  field  properties  in 
the  region  of  the  vertical  tail.  These  flow  field  properties  (local  Mach 
number  and  local  dynamic  pressure)  were  determined  by  assuming  that  the  flow 
acting  on  the  portion  of  the  vertical  tail  above  the  maximum  fuselage  height 
has  expanded  two-dimens ionally  through  an  angle  equal  to  a.  The  flow  acting 
on  the  portion  of  the  vertical  tail  shielded  by  the  fuselage  was  assumed  to 
have  expanded  so  that  it  was  parallel  to  the  upper  fuselage  afterbody.  The 
axial  force  contribution  due  to  pressures  acting  on  the  blunt  leading  edge 
of  the  vertical  tail  was  estimated  with  the  modified  Newtonian  flow  theory  of 
Reference  5*  The  axial  force  due  to  pressures  acting  on  the  sides  of  the 
vertical  tail  was  assessed  with  the  oblique  shock  data  of  Reference  6.  The 
side  force  contribution  of  the  vertical  tail  was  estimated  with  the  two- 
dimensional  shock-expansion  data  of  Reference  6.  The  yawing  and  rolling 
moment  contributions  of  the  vertical  tail  were  obtained  by  applying  the 
estimated  side  force  at  fthe  50  percent  mean  aerodynamic  chord  location  of 
the  vertical  tail. 

b.  1.1. 5  (U)  Skin  Friction.  (U)  Skin  friction  calculations  were  based  on  the 

Blasius  incompressible  equations  for  laminar  and  turbulent  flow  and  Eckert's 
reference  temperature  method.  The  effects  of  viscous  interaction  were  in¬ 
cluded  in  the  M  =  19  Tunnel  F  axial  force  estimates.  The  methods  for  laminar 
flow  described  in  References  7  to  10  are  included  in  the  Arbitrary  Body 
Computer  Program. 

(U)  The  equations  for  turbulent  skin  friction  were  not  included  in  the  machine 
program;  therefore,  for  cases  where  there  was  transition  (either  forced  or 
natural)  from  laminar  to  turbulent  flow,  skin  friction  was  hand  calculated 
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by  a  procedure  using  estimated  average  values  for  the  local  flow  properties. 

The  average  (inviscid)  pressure  level  over  the  body  was  calculated  using  the 
tangent-cont  theory  computing  routine.  This  pressure  was  used  to  define  an 
"equivalent  cone"  for  which  the  corresponding  average  density,  temperature, 
and  dynamic  pressure  were  obtained  for  use  in  the  skin  friction  equations. 

(C)  A  comparison  of  the  "equivalent  cone"  method  and  machine -computed  friction 
(local  friction  integrated  over  the  body  surface)  is  presented  in  Figure  422. 
These  values  were  computed  at  M  =  19  test  conditions  for  wholly  laminar  flow. 
The  figure  illustrates  the  close  correlation  of  the  two  approaches  for  these 
conditions . 

(C)  At  Mach  10,  heat  transfer  data  show  transition  to  occur  on  the  vehicle 
centerline  at  O.85L.  A  correlation  of  flight  test  data  for  transition 
location  obtained  from  Reference  11  shows  transition  for  the  M  =  10  ;est  to 
occur  in  the  range  0.47L  to  1.12L.  Heat  transfer  data  were  not  measured  for 
the  M  =  8  test;  therefore,  in  the  absence  of  better  criteria,  transition  was 
assumed  to  occur  at  O.85L. 

(U)  For  cases  where  transition  occurred  (i.e.,  at  Mach  10  and  lower),  friction 
was  hand  computed  using  the  "equivalent  cone"  method  for  both  the  laminar  and 
turbulent  regimes 

4.1.2  (U)  Discussion  of  Correlated  Data 

4. 1.2.1  (u)  Axial  Force .  (C)  Methods  1,  2,  and. 3  were  used  to  predict 

the  axial  force  coefficients.  Examination  of  Figures  413  through  4l6  shows 
that  all  three  methods  overpredict  the  axial  force  at  Mach  5*  It  is  possible 
that  the  skin  friction  drag  was  overestimated  at  this  Mach  number.  It  was 
assumed  that  the  boundary  layer  trip  used  in  the  tests  was  effective,  yield¬ 
ing  a  fully  turbulent  boundary  layer  over  the  model.  If  the  boundary  layer 
over  the  model.  If  the  boundary  layer  was  not  tripped,  a  mixed  laminar- 
turbulent  boundary  layer  would  have  existed,  producing  lower  friction  drag 
than  estimated.  At  Mach  numbers  8  to  19,  the  axial  force  coefficient  near 
zero  angle  of  attack  was  accurately  predicted  by  Method  2.  All  three  methods 
overpredict  the  axial  force  in  the  l6  to  24  degree  angle  of  attack  range. 

Method  3  (Newtonian  theory)  estimates  are  in  the  closest  agreement  with  the 
test  data  at  these  angles  of  attach . 

4. 1.2 .2  (u)  Normal  Force .  (C)  Methods  1,  2,  and  3  have  been  used  to 

estimate  the  normal  force  coefficients  for  Mach  numbers  5  and  greater.  In¬ 
spection  of  Figures  417  through  420  reveals  that  the  Method  2  predictions  at 
Mach  numbers  5?  8  and  19  are  in  good  agreement  with  the  test  data  for  angles 
of  attac1-  up  to  12  degrees;  the  test  points  approach  the  Method  1  predictions 
near  20  degrees  angle  of  attack  at  these  Mach  numbers.  All  of  the  methods 
underpredict  the  normal  force  coefficients  at  Mach  10.  The  Newtonian  flow 
theory  of  Method  3  underpredicts  the  normal  force  coefficients  at  Mach 
numbers  5  and  8.  The  Method  3  no ,mal  force  predictions  improve  with  increas¬ 
ing  Mach  number,  however,  and  are  in  good  agreement  with  the  test  data  at 
Mach  19. 
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1.2. 3  (U)  Pitching  Moment .  (c)  Estimates  of  the  pitching  moment 

coefficient  C  ,  for  a  center  of  gravity  at  65$  L,  at  Mach  numbers  5  through 
19  were  determined  by  Methods  1,  2,  and  3*  Method  2  yields  the  best  agreement 
between  estimated  and  measured  data  in  this  speed  range,  as  evidenced  by 
Figures  421  through  424.  The  Newtonian  and  tangent  cone  predictions  of 
Methods  1  and  3  are  in  poorer  agreement  with  the  test  data  since  both  of  these 
methods  exclude  the  negative  pitching  moment  increment  contributed  by  the 
upper  aft  segment  of  the  fuselage . 

4. 1.2. 4  (u)  Side  Force .  (C)  Side  force  coefficients  Cy,  for  Mach  numbers  5 

and  greater  have  been  estimated  with  Methods  1,  2  and  3>  Examination  of  the 
estimated  and  experimental  data  in  Figures  425  through  436  indicates  that  the 
predictions  of  Methods  1  and  2,  which  are  almost  identical,  are  in  good 
agreement  with  the  test  data.  The  Newtonian  theory  of  Method  3  slightly 
umerestimates  the  magnitude  of  the  side  force  coefficients. 

4. 1.2. 5  (U)  Yawing  Moment.  (C)  Yawing  moments,  C  ,  for  Mach  numbers  5 
through  19  have  been  estimated  by  Methods  1,  2,  ancl  3 •  Comparison  of  these 
estimates  with  the  test  data  in  Figures  437  through  448  shows  that  the 
estimated  data  are  in  good  agreement  with  the  test  data.  The  Mach  19  estimated 
data  do  not  agree  well  with  the  test  data.  The  test  data  indicate  that  C 

at  Mach  19  and  zero  angle  of  attack  is  twice  the  corresponding  value  at  P 
Mach  10. 

4. 1.2. 6  (U)  Rolling  Moment.  (C)  The  rolling  moment  coefficients,  C  ,  of  the 
model  have  been  estimated  by  Methods  1,  2  and  3  for  Mach  5  through  19. 
Comparison  of  the  estimated  and  measured  rolling  moment  coefficients  in 
Figures  449  through  460  indicates  that  the  predicted  data  do  not  consistently 
agree  with  the  test  data.  All  three  methods  predict  about  the  same  rolling 
moment  values  for  the  fuselage  for  Mach  numbers  5  and  greater,  and  are  in 
reasonable  agreement  with  the  test  data  at  zero  angle  of  attack.  All  three 
methods  consistently  underpredict  the  magnitude  of  the  fuselage  rolling 
moment  (it  is  negative)  in  the  10  to  20  degree  angle  of  attack  range,  however. 
The  estimated  vertical  tail  rolling  moment  contributions  are  in  agreement 
with  the  test  data,  and  are  neither  consistently  greater  nor  smaller  than  the 
measured  vertical  tail  increments.  Apparently  the  prediction  methods  do  not 
correctly  estimate  the  span  loading  of  the  fuselage.  These  methods  are  based 
pn  the  assumption  that  the  pressures  acting  on  any  surface  element  at  a  given 
Mach  number  are  dependent  only  upon  the  angle  between  the  surface  element  and 
the  free stream  velocity  vector.  They  do  not  account  for  interference  Prom 
surrounding  surface  elements  or  crossflow  around  the  fuselage  leading  edge. 
Pressure  measurements  taken  at  Mach  10  indicate  the  existence  of  significant 
interference  between  surface  elements.  For  example,  for  variable  yaw  angle 
and  angles  of  attack  of  10  and  20  degrees,  pressures  higher  than  predicted 
are  observed  on  the  lower  surface  of  the  fuselage  adjacent  to  the  windward 
compression  sharing  surface.  These  high  pressures,  which  are  apparently  in¬ 
duced  by  the  compression  sharing  surface,  are  strongest  at  the  outboard  span  1 
location  and  decay  toward  values  predicted  by  tangent  cone  theory  at  the 
fuselage  centerline.  Pressures  induced  in  this  manner  would  tend  to  increase 
the  magnitude  of  the  fuselage  rolling  moment,  due  Lo  sideslip  at  the  higher 
angles  of  attack,  and  could  possibly  account  for  the  discrepancy  between  the 
estimated  and  predicted  rolling  moment  coefficients. 
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SECTION  5 

(U)  SUMMARY  FDL-5  AERODYNAMIC  CHARACTERISTICS 

(u)  In  this  section,  the  aerodynamic  characteristics  of  the  FDL-5  test 
configuration  are  summarized  and  presented  as  functions  of  Mach  number.  The 
axial  force  skin  friction  increments  reflect  the  high  and  low  design  trajec¬ 
tories  specified  at  the  initiation  of  the  study.  The  data  may  be  used,  then, 
to  provide  the  aerodynamic  characteristics  along  these  entry  trajectories 
or  may  be  used  for  intermediate  trajectories  if  suitably  scaled.  The  follow¬ 
ing  paragraphs  de.-  ^ribe  the  development  and  presentation  of  the  summary 
curves. 

5.1  (U)  AXIAL  FORCE 

(u)  The  FDL-5  axial  force  characteristics  due  to  pressure  are  shown  in 
Figures  46l  and  462  .  These  figures  present  the  Mach  number  variations  of 
the  fcrebody  and  base  axial  force  increments  for  various  angles  of  attack  in 
the  range  0  to  24  degrees.  Note  than  the  data  are  for  the  complete  configura¬ 
tion  with  elevons  undeflected. 

(U)  The  viscous  contributions  to  axial  force  of  a  35~f't  vehicle  were  calculated 
for  the  two  trajectories  shown  in  Figures  463  and  464.  Boundary  layer 
transition  location  was  based  upon  criteria  obtained  from  Reference  11.  A 
correlation  of  flight  test  data  presented  by  this  reference  shows  transition 
to  occur  in  the  range 


local 


140  to  220 


where  Reg  is  Reynolds  number  based  on  boundary  layer  momentum  thickness.  The 
value 


Reg 

M 


local 


150 


was  selected  to  conservatively  estimate  transition  location  for  the  FDL-5- 
For  the  high  and  low  altitude  reference  trajectories,  Figures  5&3  and  464 
show  the  movement,  as  Mach  number  varies,  of  transition  location  for  an 
FDL-5  configuration  with  a  reference  length  of  35  feet. 
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(Tj)  Skin  friction  axial  force  coefficients  were  calculated  by  the  "equi1  "lent 
cone"  method  described  in  Section  4.  These  calculations  were  based  upon 
radiation  equilibrium  wall  temperature  estimates  in  tne  laminar  and  turbulent 
flow  regions.  Figure  46 5  presents  the  variations  of  skin  friction  axial 
force  coefficient  for  a  35-ft  FDL-5  at  the  high  and  low  altitude  reference 
conditions . 

5.2  (U)  NORMAL  FORCE  AND  PITCHING  MOMENT 

(u)  For  the  test  Mach  numbers  from  1.5  to  10,  force  and  moment  data  were 
obtained  a.t  a  common  free  stream  Reynolds  number  of  approximately  4  x  10° 
based  on  model  reference  length.  At  Mach  19,  variations  of  the  force  and 
moment  data  with  angle  of  attack  were  obtained  at  a,  model  Reynolds  number  of 
0.8  x  lO^.  In  order  to  determine  a  smooth  variation  of  normal  force  and 
pitching  moment  with  Mach  number,  the  wind  tunnel  data  taken  at  a  model 
Reynolds  number  of  L  x  10°  were  used  to  define  the  normal  force  and  pitching 
moment  variations  over  the  Mach  number  range  1.5  to  10.  These  data  defined 
smooth  variations  except  at  Mach  10  where  there  was  an  apparent  discontinuity. 
Examination  of  the  Mach  10  data  indicated  that  there  is  about  a  one  degree 
offset  in  the  angle  of  attack  for  ero  lift  so  that  angles  of  attack  measured 
during  the  test  were  about  a  de-  _  too  low.  Accounting  for  this  offset, 
the  M  =  10  data  fall  in  line  with  data  for  the  rest  of  the  Mach  number  range. 
These  data  were  extended  through  M  =  19  using  the  Tunnel  F  data  taken  at  a 
model  Reynolds  number  of  0.8  x  10°. 

(U)  Figures  5-15  and  5~l6  present  the  Mach  number  variations  of  normal  force 
and  pitching  moment  coefficients  for  the  FDL-5  a.t  angles  of  attack  from  0  to 
24  degrees.  These  data  axe  for  the  complete  configuration  with  elevons 
undeflected. 

5.3  (U)  LIFT /DRAG  RATIO 

(C)  The  variations  with  Mach  number  c,  the  full  scale  vehicle  lift/drag  ratio 
for  the  high  and  low  altitude  referen.e  trajectories  are  presented  in  Figure  468. 
468.  It  is  of  interest  to  note  the  l/d  at  M  =  20  for  the  low  altitude  or 
maximum  cross  range  trajectory;  this  trajectory  is  nearly  a  maximum  L/D 
t^jectory  throughout  the  Mach  number  range.  Figure  464  shows  that  for  an 
altitude  of  175 ,000  feet  and  ry  =  12  degrees,  the  flow  is  laminar  over  the 
35-foot  reference  length.  The  L/D  corresponding  to  this  point  is  2.92.  The 
low  values  of  L/D  for  the  high  altitude  reference  result  from  the  high  angles 
of  attack  required  for  this  minimum  downrange  trajectory. 

5.4  (U)  LATERAL-DIRECTIONAL  STABILITY 

(U)  As  in  the  case  for  normal  force  and  pitching  moment,  the  lateral- 
directional  stability  characteristics  were  obtained  from  data  taken  at  a  mr^el 
length  Reynolds  number  of  approximately  4  x  10°  at  Mach  numbers  1.5  to  10  and 
for  a  model  length  Reynolds  of  0.8  x  10^  at  M  =  19.  Only  the  initial  yawing 
and  rolling  moment  characteristics  were  determined  by  reading  the  slopes  at 
(3=0  for  the  various  angles  of  attack.  These  data  were  smoothed  on  plots 
versus  angle  of  attack  prior  to  cross-plotting  versus  Mach  number. 
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5*5  (U)  ELEVON  EFFECTIVENESS 

(U)  The  elevon  effectiveness  curves,  Figures  471  to  487,  h^ve  been  cross- 
plotted  Prom  those  of  Section  4.2.  The.  resulting  carves  we  e  then  modified 
to  reflect  the  actual  increments  derived  from  the  FDL-5  test  data.  Most  of 
this  refairing  resulted  from  the  M  =  20  test  data  since  the  original  estimates 
at  this  speed  were  based  on  purely  theoretical,  inviscid  predictions.  Th° 
curves  for  6g  =  +10  degrees  are  unchanged  l)  since  no  test  data  were  obtained 
for  this  deflection,  and  2)  since  estimates  of  positive  deflection  increments 
have  proven  to  be  more  reliable  than  for  negative  deflections  at  other  Mach 
numbers . 

5.6  (U)  DYNAMIC  STABILITY  DERIVATIVES 

(U)  Estimates  were  made  of  the  FDL-5  longitudinal,  lateral,  and  rotary  dynamic 
stability  derivatives  using  analytical  methods  and  test  data  presented  in 
References  12  and  13 .  The  nominal  values  of  these  derivatives  and  estimated 
upper  and  lower  limits  are  presented  in  Figures  488  through  496*  These, 
limit''  were  established  by  considering  the  degree  of  the  uncertainty  of  the 
data  and  the  analytical  procedures  used  in  estimating  the  derivatives. 

Although  these  derivatives  were  originally  estimated  for  the  fixed-geometry 
F-3  vehicle,  they  are  also  valid  for  the  present  FDL-5  vehicles,  since  the 
available  analytical  techniques  are  insensitive  to  variations  between  these 
vehicle  configurations. 

(u)  The  techniques  that  were  utilized  to  estimate  the  stability  derivatives 
were  developed  primarily  for  more  conventional  aircraft.  As  a  result,  con¬ 
fidence  levels  of  the  nominal  values  are  not  high,  as  reflected  by  the  large 
variation  in  the  upper  and  lower  boundaries  of  the  aerodynamic  derivatives. 

A  much  higher  confidence  level  was  attained  in  the  derivation  of  the  subsonic 
longitudinal  derivatives  because  the  cor.  utational  procedures  were  based  pri¬ 
marily  on  experimental  data  obtained  from  References  12  and  l4. 

(U)  The  stability  and  response  of  the  vehicle  to  control  inputs  has  been 
determined  for  the  various  aerodynamic  stability  derivatives  and  their  respec¬ 
tive  upper  and  lower  boundaries  that  are  presented  in  Figures  488  through 
4y6.  These  derivatives  and  the  vehicle  physical  constants  were  inserted 
into  an  existing  digital  computer  program  which  determined  the  coefficients 
and  roots  of  the  S-domain  transfer  functions  as  the  derivatives  were  varied 
between  the  previously  established  upper  and  lower  limits.  The  locus  of  the 
root  is  automatically  plotted  in  the  S-plane  as  the  derivative  is  varied. 

Tne  S-plane  plots  were  used  for  conventional  root  locus  stability  analysis. 

The  transfer  functions  were  used  in  mechanizing  an  analog  simulation  including 
the  effects  of  control  deflections  and  gusts.  '.The  parametric  variations 
through  the  boundary  range  of  the  individual  stab'  ‘  xty  derivative  inputs  did 
establish  the  region  of  desirable  stability  boundaries.  On  the  following 
figures  the  cross-hatched  portions  show  the  unstable  regions  of  vehicle 
response  due  to  variation  of  any  particular  derivative.  Stable  vehicle  han¬ 
dling  response  was  demonstrated  for  all  the  stability  derivatives  within  the 
band  of  .ecommended  upper  and  lower  limits  except  as  indicated  in  Figures 
488,  48y,  491,  493  and  495. 
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(C)  The  importance  of  roll  rate  on  lateral  directional  stability  is  indicated 
in  Figure  493  and  is  the  only  region  where  the  nominal  value  of  the  deriva¬ 
tive  as  estimated  by  present  techniques  was  shown  to  be  unstable.  As  noted, 
the  yawing  moment  coefficient  due  to  roll  rate  (Cnp)  is  especially  sensitive. 
The.  values  of  Cnp  greater  than  0.7  per  radian  induce  the  phugoid  mode  to 
become  unstable  and  values  less  than  -0.6  per  radian  cause  instability  in 
short  period  oscillation. 
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(U)  CONCLUSIONS 


(U)  The  following  conclusions  result  from  the  aerodynamic  analyses  and 
testing  of  the  FDL-5  configuration: 

1.  (C)  The  configuration  is  stable  in  all  three  axes  over  the  Mach 

range  from  1-5  to  20  and  angle  of  attack  range  from  .5  to  30 
degrees  with  a  center  of  gravity  location  from  62  to  65  percent 
of  the  reference  length. 

2.  (C)  No  deflection  of  the  elevons  into  the.  airstream  is  required  for 

crim  over  the  range  of  angle  of  attack  from  5  to  30  degrees. 

3.  (C)  Upper  body  flaps  are  required  for  trim  at  Mach  numbers  less  than 

8.  Above  8  the  upper  body  flaps  are  ineffective. 

4.  (C)  Trimmed  hypersonic  L/Dmax,  extrapolated  to  reference  conditions 

(200,000- ft  altitude,  20,000  fps,  35-ft  length),  is  2.84  at 
11  degrees  angle  of  attac;- .  Maximum  trimmed  L/d  during 
entry  is  3*3  at  Mach  12. 

5*  (C)  Subsonic  trimmed  l/D^x  is  estimated  to  range  from  3»1  to  4.5 

depending  on  details  of  revised  upper  aft  surface  and  base 
fairing,  and  final  elevon  geometry. 

6.  (U)  Test  data  correlate  well  with  analytical  predictions  using 

tangent-cone  theory  on  compression  surfaces  and  Prandtl-Meyer 
theory  on  expansion  sur races.  Axial  and  normal  face  coefficients, 
L/D,  and  moment  coefficients  can  be  accurately  predicted  at  high 
supersonic  and  hypersonic  speeds.  Accuracy  decreases  below 
Mach  5  • 

7-  (U)  Semiautomatic  machine  data  plotting  from  facility  ■‘■‘urnished 

magnetic  tape  is  highly  efficient  and  desirable  for  processing 
large  amounts  of  test  data. 

8,  (U)  Flow  field  visualization  methods,  though  largely  undeveloped,  are 

a  significant  aid  in  data  analysis. 

9.  (C)  Modifications  to  the  aft  upper  surface,  base,  and  elevon  geometry 

will  be  required  for  subsonic  and  transonic,  flight.  Modification 
of  these  surfaces  of  the  FDL-5  system  are  not  expected  to  affect 
hypersonic  performance,  provided  the  parametric  bounds  defined  in 
this  report  are  not  violated. 
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FIGURE  1  (U)  FD7.-5  TEST  CONFIGURATION 
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FIGURE  3  (U)  20-INOH  STEEL  FORCE  MODEL  FOR  AEDC  TUNNELS  A,  B,  AND  C 
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FIGURE  4  (U)  15-INCH  FIBERGLASS  FORCE  MODEL  FOP  AEDC  TUNNEL  F 
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o.  Tunnel  Asse.tibU 


b.  Tunnel  Test  Section 
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FIGURE  8  (U)  THE  AEDC  VKF  TUMEL  B 
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FIGURE  II  (U)  THE  AEBC  VKF  100-INCH  TUTi: 
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FIGURE  13  (U)  SIGN  CONVENTIONS  FOR  FORCE  AND  MOMENT  nATA 
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FIGURE  14 
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CALIFORNIA  COMgANV 


(u)  AXIAL  FORCE  BUILDUP  -  AXIAL  FORCE  COEFFICIENT  VARIATION 
WITH  ANGLE  OF  ATTACK  (M  =  1.52) 
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PTGURE  15  (U)  COFISUBBTIOH  BUILDUP 
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FIGURE  177  (U)  REYNOLDS  NUMBER  EFFECTS 
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FIGURE  178  (U)  REYNOLDS  NUMBER  EFFECTS 
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218 

CONFIDENTIAL 


CONFIDENTIAL 


CC-DEG 


FIGURE  180  (U)  RETNOLOS  NUMBER  EFFECTS 

-  LIFT  COEFFICIENT  VARIATION  WITH  ANGLE  OF  ATTACK  fM=3.!l9J 
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FIGURE  182  (U)  REYNOLDS  NUMBER  EFFECTS 

-  LIFT-DRAG  RATIO  VARIRTION  WITH  ANGLE  OF  ATTACK  CM=3.W  J 
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FIGURE  193  (U)  CONFIGURATION  BUILOUP 
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FIGURE  197  (U)  COMBINED  ELEVON  FWQ  FLAP  EFFECTS 

-  AXIAL  FORCE  COEFFICIENT  VARIATION  WITH  ANGLE  OF  ATTACK  fM=5_05J 
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FIGURE  198  (U)  COMBINED  ELFVON  AND  FLAP  EFFECTS 
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FIGURE  205  (U)  FORCED  TRANSITION  EFFECTS 
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FIGURE  215  (U)  CONFIGURATION  BUILDUP 

-  SIDE  FORCE  COEFFICIENT  VARIATION  WITH  ANGLE  OF  TAW  (M=  7.981 
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FIGURE  216  (U)  CONFIGURATION  BUILDUP 

-  SIDE  FORCE  COEFFICIENT  VflHIRTJQN  WITH  RNGLE  OF  TRW  (M=7.98) 
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FIGURE  217  (U)  CONFIGURATION  BUILDUP 

-  SIDE  FORCE  COEFFICIENT  VARIATION  WITH  ANGLE  OF  TRW  (M=7.98I 
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FIGURE  218  (U)  CONFIGURATION  BUILDUP 

-  SIDE  FORCE  COEFFICIENT  VARIATION  WITH  ANGLE  OF  TRW  (M=7.98) 
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FIGU2E  227  (U)  CONFIGURATION  BUILDUP 
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FIGURE  229  (U)  CONFIGURATION  BUILDUP 

-  ROLLING  MOMENT  COEFFICIENT  VARIATION  WITH  RNGLE  OF  TRW  (M=7.98J 


CONFIDENTIAL 


CONFIDENTIAL 


FIGURE  251  (U)  ELEVON  EFFECTS 

-  NORMAL  FORCE  COEFFICIENT  VARIATION  WITH  ANGLE  OF  ATTACK  IH=7.9B  1 
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FIGURE  237  (U)  REPERTflBILITT 

-  AXIAL  FORCE  COEFFICIENT  VARIATION  WITH  ANGLE  OF  ATTACK  IM=7.98) 


) 


276 

CONFIDENTIAL 


CONFIDENTIAL 


( 


© 


© 
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FIGURE  245  (U)  CONFIGURATION  BUILDUP 

-  LIFT  COEFFICIENT  VARIATION  HITH  RNGLE  OF  RTTACK  IH=ID.2U 


284 

CONFIDENTIAL 


P  -OEG 

figure  248  (U)  CONFIGURATION  BUILDUP 

-  SIDE  FORCE  COEFFICIENT  VARIATION  WITH  ANGLE  OF  TRW  tM=  10.20 


287 

CONFIDENTIAL 


CONFIDENTIAL 


CONFIDENTIAL 


CONFIDENTIAL 


rv  AOA 

U.  UJU 

— 

3 

— 

- r  . 

1  « 

i 

1 

i  j 

! 

;  1 

1 

i 

'j 

■* 

n 

JjrS 

;  '  ! 

.  \ 

u  -4 _ i 

IBB 

i  : 

: 

■ 

. 

1 

1 

f=IU. 

2C=  30 

20~RI 

.3 

-GSR 

E7FT= 

..cc 

2700; 

UR _ 

JjIu 

i  ) 

;  l 

!  ! 

0.020 

! 

; 

j 

■ 

i3»TT 

O 

SL 

282 

_287j 

w-  * 

& 

mi 

i  i 

!  1 

1  i 

1 

; 

- 

i 

- 

* 

-  • 

: 

A 

291 

agv? 

Es 

j  j 

i  J 

l 

1  '  1 

■. 

1 

;  ;  j 

*  '  ] 

1 

; 

1  - 

-  - 

- 

i 

1 

i 

} 

! .  - 

1 

_ 

' 

.  ■ 

-- 

_ 

-  _ 

- 

_|_  - 

. 

< 

? 

!  - 

! 

f 

.  . 

_ 

" 

_ 

...  . 

.  - 

- 

_ 

!  i  {  .  j 

-  --- 

* 

. 

‘ 

,  s 

! 

■ 

\ 

i  ~ 

-i 

. 

- 

i 

1 

i  - 

■  ' 

. 

.  i  •  1 

•  t 

-  .!  ! 

_  - 

_ 

-  \  1 

•  -  ;  ■  j-  ;  ;  1 

■ 

. 

. .. 

- 

.  . 

r 

■i  •  ; 

|  -  j 

0.005 

- 

_  . 

... 

- 

. 

... 

' 

Wml 

mm 

m 

!  1 

. 

•  -  i 

’ _ n 

‘ 

1  - 

■ 

1 

...; 

... 

i 

1  H 

.  . 

.  . . 

j; 

m 

m 

1 

1  : 

*  -  - 

:.7 

>  -- 

-  - 1 

-  ;  — J 

— -  — 

;  *  : 

0.000 

.  .  . 

J 

m 

— — 

.  <: 

. 

■ 

—  .  . 

•  1 

L_.  V- 

-  - 

-  -■  - 

- 

... . 

---  -• 

-- 

■ 

** 

-- 

-  --  •  ; 

-  -  - 

-  -  - 

j'V  - 

-0.005 

. 

--  ; 

' 

-  • 

- 

..  .  . 

... 

. i  !  j 

1 

* 

j 

j 

!  . 

: 

. 

-i: 

-  - 

‘ 

“  * 

•• 

■ 

:.J- 1 J 

:•  ■  .  ;  1 

i 

, 

- 

:  -  -  - 

..  . 

* 

j  CONFIDENTIAL 

-0.010 

_i 

1 

1 

-2 

0 

2 

0 

y  6 

-DEG 

8 

10 

FIGURE  254  (U)  CONFIGURATION  BUILDUP 
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FIGURE  255  (U)  CONFIGURATION  BUILDUP 
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FIGURE  257'  (U)  CONFIGURATION  BUILDUP 

-  ROLLING  MOMENT  COEFFICIENT  VARIATION  WITH  ANGLE  OF  YAH  tM=l0.2B 
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FIGURE  263  (U)  ELEVQN  EFFECTS 

-  LONGITUDINAL  STABILITY  VARIATION  CH=  10-20 

302 

CONFIDENTIAL 


& 


(REVERSE  SIDE  IS  BLANK) 


CONFIDENTIAL 


CONFIDENT' A| 


20  -5  0  5  10  15  20 

CC-DEG 

FIGURE  272  (u)  AILERON  EFFECTS 

-  NORMAL  FORCE  COEFFICIENT  VARIATION  WITH  ANGLE  OF  ATTACK  IM=  10.20 
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FIGURE  273  (U)  AILERON  EFFECTS 

-  PITCHING  MOMENT  COEFFICIENT  VARIATION  WITH  ANGLE  QF  ATTACK  01=10.20 
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FIGURE  275  (U)  RILERON  EFFECTS 

-  LIFT  COEFFICIENT  VARIATION  WITH  ANGLE  OF  ATTACK  IM=  10.20 
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FIGURE  276  (U)  AILERON  EFFECTS 

-  ORRG  COEFFICIENT  VARIATION  WITH  ANGLE  OF  ATTACK  CM=l0.2tJ 
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FIGURE  279  (U)  AILERON  EFFECTS 

-  TAWING  K£*NT  COEFFICIENT  VRRIRTIQN  WITH  ANGLE  OF  RTTACK  IM=  10.20 
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FIGUEE  292  (U)  REPEATABILITY 

-  SIDE  FORCE  COEFFICIENT  VARIRTION  WITH  ANGLE  OF  TRW  (M=»  10- 20 
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FIGURE  293  (U)  REPEAT ABILITY 

-  TAWING  MOMENT  COEFFICIENT  VARIATION  WITH  ANGLE  OF  TRW  (H=10.20 
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FIGURE  294  (U)  REPEATABILITY 

-  ROLLING  MOMENT  COEFFICIENT  VRRIRTI3N  WITH  ANGLE  OF  TRW  tM=  10.20 
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FIGURE  302  (u)  CONFIGURATION  BUILDUP 

-  LIFT-ORAG  RATIO  VARIATION  WITH  ANGLE  OF  ATTACK  CM*  18.93 
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FIGURE  306  (U)  ELEVON  EFFECTS 

-  AXIAL  FORCE  COEFFICIENT  VAR1RTI0N  WITH  ANGLE  OF  ATTACK  CM=  19.00 
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FIGURE  307  (U)  ELEVON  EFFECTS 

-  NORNRl  FORCE  COEFFICIENT  VPRIRTJON  H1TH  ANGLE  OF  RTTACK  fM*  19.00 


351 

CONFIDENTIAL 


j  CONFIDENTIAL 

37  -5  0  5  10  15  20 

OC-DEG 

FIGURE  308  (U)  t'LEVON  EFFECTS 
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FIGURE  311  (U)  ELEVON  EFFECTS 

-  LIFT  COEFFICIENT  VARIATION  WITH  ANGLE  OF  ATTACK  fM=19.0(I 
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FIGURE  313  (U)  ELEVON  EFFECTS 

-  LIFT-ORAG  RATIO  VARIATION  WITH  ANGLE  OF  ATTACK  CN- 19.00 
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FIGURE  325  (U)  LOWER  SURFACE  CENTERLINE  PRESSURES 
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FIGURE  327  (U)  LOWER  SURFACE  5PRNWI5E  PRESSURES  fil  X/L  =  0.30 
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FIGURE  331  (U)  UPPER  SURFRCE  CENTERLINE  PRESSURES 
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FIGURE  332  (U)  UPPER  5UPFPCE  5PRNWI5E  PRE53UBE5  HT  XA  =  0. 15 

378 

CONFIDENTIAL 


CONFIDENTIAL 


5/Skw 


FIGURE  333  (U)  UPPER  5URFRCE  5PRNWI?  PRESSURES  RT  X/l  =  0.30 
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FIGURE  33'f-  (U)  UPPER  SURFACE  SPfWHiSE  PRE55URE5  RT  X/l  =  0.50 
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FIGURE  336  (U)  UPPER  5URFRCE  5PFNWI5E  PRESSURES  RT  X/L  =  0.86 
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FIGURE  337  (U)  UPPER  SURFACE  SPRMWI5E  PRESSURE 
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FIGURE  338  (U)  LOWER  5URFRCE  CENTERLINE  PRE55UPE5 
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FIGURE  339  (U)  LOWER  SURFACE  5PRNWI5E  PRESSURES  RT  X/L  =  0. 15 
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FIGURE  342  (u)  LOWER  SURFACE  5PRNWJ5E  PRESSURES  AT  X/t  =  0.7f 
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FIGURE  343  (U)  LOWER  SURFACE  5PRNWI5E  PRESSURES  RT  X/L  =  0.36 
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FIGURE  345  (U)  UPPER  SURFACE  5PRNWI5E  PRESSURES  FTT  X/l  =  U.15 
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FIGURE  3^6  (u)  UPPER  SURFACE  5PBNWI5E  PRESSURES  AT  X/L  =  0.30 
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FIGURE  349  (U)  UPPER  SURFACE  5PRNWI5E  PRESSURES  RT  X/L  =  0.86 
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FIGURE  351  (U)  LOWER  SURFACE  CENTERLINE  PRESSURES 
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FIGURE  367  (U)  LOWER  SURFACE  5PRNWI5E  PRESSURES  RT  X/L  =  0.50 
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FIGURE  368  (U)  LOWER  5URFRCE  5PRNWI5E  PRESSURES  RT  X/L  =  0.76 
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FIGURE  372  (U)  UPPER  SURFACE  5PRNWI5E  PRE55UHES  RT  X/L  =  0.3D 
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FIGUHE  373  (U)  UPPER  SURFACE  SPRNN1SE  PRESSURES  RT  X/L  =  0.50 
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FIGURE  382  (u)  LOWER  SURFACE  5PRNWI5E  PRESSURES  RT  X/l  =  0.96 
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FIGURE  383  (U)  UPPER  SURFACE  CENTERLINE  PRESSURES 
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FIGURE  3b&  (U)  UPPER  SURFACE  5PRNWI5E  PRE55URE5  fTT  X/u  =  0.50 
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FIGUBE  387  (U)  UPPER  SURFACE  5PRNWI5E  PRESSURES  RT  X/L  =  0.76 
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FIGURE  389  (U)  UPPER  SURFACE  5PRNWJ5E  PRESSURES  fTT  X/L  =  0.96 
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FIGURE  393  (U)  LOWER  SURFACE  5PRNWI5E  PRESSURES  HT  X/l  =  0.50 
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FIGURE  395  (U)  LOWER  SURFACE  5PRNWISE  PRESSURES  ffT  XA  =  0.96 
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FIGURE  396  (u)  UPPER  SURFACE  CENTERLINE  PRESSURES 
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FIGURE  398  (U)  UPPER  SURFACE  5PRNHI3E  PRESSURES  RT  X/l  =  0.30 
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FIGURE  399  (U)  UPPER  SURFACE  5PRNW15E  PRESSURES  FTT  X/t  =  0.50 
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FIGURE  416  (U)  CQf^flRISaN  OF  ESTIMATED  AND  EXPERIMENTAL  COEFFICIENTS 
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FIGURE  4l8  (U)  COMPARISON  OF  ESTIMRTEO  AND  EXPERIMENTAL  CQEFFJCIENTS 
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FIGURE  424  (U)  CWRRISON  OF  ESTIMATED  RNO  EXPERIMENTAL  COEFFICIENTS 
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FIGURE  432  (U)  COMPARISON  OF  ESTIMATED  AND  EXPERIMENTAL  COEFFICIENTS 
-  SIDE  FORCE  COEFFICIENT  VARIATION  WITH  ANGLE  OF  TAW  IM=  10.20 
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FIGURE  433  (U)  COMPARISON  OF  ESTIMRTEO  AND  EXPERIMENTAL  COEFFICIENTS 

-  SIDE  FORCE  COEFFICIENT  VARIATION  WITH  ANGLE  OF  TAW  IM*  10.20 
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FIGURE  436  (u)  COMPARISON  OF  ESTIMATED  AND  EXPERIMENTAL  COEFFICIENTS 
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FIGURE  437  (U)  COMPARISON  OF  ESTIMRTEO  AND  EXPERIMENTAL  COEFFICIENTS 
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FIGURE  442  (U) CQN’RRISON  OF  ESTIMPTEO  AND  EXPERIMENTAL  COEFFICIENTS 
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FIGURE  445  (U)  COMPARISON  0F  ESTIMATED  AND  EXPERIMENTAL  COEFFICIENTS 

-  TAWING  MOMENT  COEFFICIENT  VARIATION  WITH  ANGLE  OF  TAW  01=10.20 
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FIGURE  44?  (U)  COMPARISON  OF  ESTIMATED  AND  EXPERIMENTAL  COEFFICIENTS 
-  TARING  MOMENT  COEFFICIENT  VARIATION  WITH  ANGLE  OF  TAW  CM*18.7«| 
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FIGURE  450  (U)  COMPARISON  OF  ESTIMPTEO  AND  EXPERIMENTAL  COEFFICIENTS 

-  ROLLING  MOMENT  COEFFICIENT  VARIATION  WITH  ANGLE  OF  Tf!W  (M*S.05l 
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